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ABSTRACT 
A stud1' of the steady state flow profiles ot tour polymers , low 
and h_igh density polyethylene, polypropylene and polyvinyl chloride, 
was undertaken to gain additional knowledge of their flow behavior 
into various conical shaped entrances to a capillary. The know1edge 
" ebtained was used to predict the entrance angle for each polymer 
that provided the best flow characteristics. To accomplish the o~-
jecti ves of this -study, an apparatus was· designed·to fit on the end 
. . 
of a two and one-half inch extruder., so that continuous viewing of 
each polymer ·was possible. Pigmented color concentrate was used ~ 
the marker material. and was injected into the flowing polymer in a 
singular, radial plane by a hypodermic needle, which projected 
across the upstream region of the apparatus. The marking plane was 
viewed normal to its injection plane and the ·flow profiles of each 
· polymer recorded on motion pi.cture film. The marker was also pu1sed 
and the leading e.dge of each ·marking stream ·timed thro:u,gh the device 
to provide residence time and velocity· profiles. 
Extrudate distortion was · observed in the 180° . and 135° entrance 
configurations of low density polyethylene and. a distinction was 
. 
made between the steady state :rrelt fracture condition and the transi-
tion condition of melt flow instability, both of which produced the 
distorted condition. Smooth flow was observed in all other polymers 
over the r~ge of shear rates of' the study. [he residence time, 
radial_ profiles indicated that the polymer flowing neare-st the wall 
·' 
rema:fned in the upstream region much lo~ger than the midstream 
polymer, especially at low shear rates . The profiles became much 
flatter as the shear rates were increased. The upstream velocity 
profiles for each polymer were compared with the curves of the solu-
tions to the power law :flmction for 'felocity. Polypropylene and low 
density polyethylene showed the best agreement between the theoretical 
curve and experimental data and polyvinyl chloride the worst agreement. 
The entrance region residence tine.was measured for eaeh polymer into 
each conical angle to prov.I.de an indication of th~ amount of ac-
celeration each polymer 1.mderwent in its approach to the capillary 
entrance. 
( Axial pressure was measured along the le~gth of each entrance to 
provide another dimension to the characterization of each polymer. 
From the calculation of the entrance pressure drop to· the capillary, 
an elasticity measurement was determined for each polymer. Poly-
vinyl chloride, low density polyethylene, polypropylene and high 
density. polyethylene was the ranking from most elastic to least of 
the ~our polymers investigated. Combining all the parameters measured, 
the 45° entrance was concluded to provide the best entrance for the 
flow of low density polyethylene. The 90°· ~gle was concluded to 
provide the best entrance angle for the other three polymers. In 
these angles , the polymer was bei~g channeled into the capillary, 
not developing its own natural now p.rofile into the. entrance. 
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llt.l!RODUCTION 
'!'he us.age of polymers in our :rm:>dern society has been steadily 
in~reasing and has become so widespread that they are now found in 
every segment of our industrial, medical and cons11mer products. This 
continued rise in usage has placed great demands on the polymer 
processor to produce h_igh qu~ity products at ever.:·increasing output 
rates • In order to meet these demands , the .polymer processor has had 
to research his processes to acquire the capability of scientifically 
optimizing them in terms of maxim.um outputs with minimal scrap and 
defect rates • 
.Among the more widely used processes in the manufacture of thermo-
.. 
plastic products, are the injection ioolding of various complex and 
intricate shapes and the continuous extrusion of films, pipes and 
wire and cable cove.rings. Each of these processes. involves the use · 
. 
. of a screw melting and conveyi;rig section to transform the polymer 
into a workable fluid and supply it to the molds or dies which will 
form it into its end use shape. Much research has been conducted on 
the malting and pumping by the action of the screw, within the 
extruder body. The studies of Donovan <12} and Tadmor , et • al. ( 24) 
provide· representative results of this research. The details of 
this process are sufficiently understood and with the assistance of 
the computer and basic rheol_ogical. properties of the polymer, an 
optimum screw des~gn can be predicted. Thus, a hompgeneous polymer 
melt is predictable thro:u,gb. the extruder to the screw exit. What 
" 
.. 3· .. • .. 
. . 
:.1 
··~· 
,,, 
· though, is occurri~g in the m:>lding machine nozzle or the extruder ' 
crosshead? In order to determine this , one would be required to 
observe the dynami c behavior of the molten polymer in this r~gion. 
One ot the earliest techniques used to observe the. flow patterns 
in the approach chMnels to the f'inal die openi~g· was simply to run 
the extruder at a gi. ven throughput, add a tracer material and then 
shut off the machine and cool it rapidly. It was hoped that the 
flow patterns would be representative of the eynam:i c flow in that 
regi.on. However, -since most polymers used· in extrusion processes 
exhibit viscoelastic behavior and tend to· relax during cooling, the 
exact or even a rep:resentati ve flow could not be unequivocally 
ascertained. In addition, when designi;ng for optimization of en-
trance ~gles to the approach channels or die entrances , using this 
t~cbnique, a time cons11mi~g trial and error procedure must be followed. 
When a final design is based on this technique , there is no cer-
tainty that it is the optimum approach configuration. 
The obvious solution is to actuaJ ly observe the flow of various 
polymers in the approach channel. and final die entrances . However, 
due to the high temperatures and ·pressures involved in this region, 
polymer flow visualization has not, until recently been wid~ly 
utilized. In 1957, Tordella,<25 > using a glass tube with glass-toi.+ 
metal seals, which was closed off to a flat. entry capillary, ob-
. 
served low d~nsity polyethylene melt flow. He achieved 1000 psi-from 
a capillary viscometer and· observed shear or melt fracture, which 
he concluded was the cause of' ir~gu].ar extru.date at h~gb. shear rates·.· 
.-.::, 
,'.,_ •. , ,: ;',_ ,,;":,,., ·,,. •-"·' .".v. ,, 
-h. 
_, ·' ' ,'. _, ,:. ~ ·, 
l '· 
' 
'I 
Bard and sott carbon black pellets were distributed thro:ugb.out the 
natural polymer melt and were :followed ~ they flowed from the 
resevoir through the capillary. Schott &nd ,Kagban, <23> in 1959, 
studied the flow behavior of low density polyethylene thro:ugb a one 
inch I.D. tube with a 3/16 inch capillary. '!hey observed the up-
stream flow into a flat or 180° entrance and shot iootion pictures 
'r' r 
o:r the flow phenomena. The extrudate filaments from various entrance 
~gles were also studied, but no visual observations were made of 
the upstream region flow profile. 
The po~r for their studies· was supplied from a two inch 
extruder, to which pigment was alternately fed;·and observations made 
of the interface as it passed through the apparatus • They observed 
mel~ ~acture and concluded that shallow entrance angles retard its 
onset as the throughput is increased. Observations of irregul~ 
flow behavior in polymer melts was made by Oyanagi., (2l) using bire-
fri~gence techniques. With a transparent_ glass cylinder and die · 
entrance , he observed flow behavior at or near the capillary inlet. 
He also observed .polarization fringes t~ro:ugh a peephole in the 
capillary. 
Bagley and Birks , <2 ) in 1960 , set up a one centimeter diameter 
entrance quartz gl.as-s section and a O .05 centimeter capillary to 
observe polymer melt flow. They extruded· smaJJ filaments of black 
polymer and inserted these axi.ally in a preformed one centimeter 
diameter polymer .rod. The. apparatus was placed in an Invar steel 
frame viscometer and the resulting flow patte~s recorded on 16 IIDll .. 
'' 
wJ•. • , ... , ' I· .,. 
•' 
'\ 
........ ··i 
movie film. Flow rates both below and above melt fracture were 
studied using both low and high density polyethylene. In 1961, 
Bagley and Schreiber, C-3) using a similar setup, studied the onset 
of melt fracture as a f\mction of conical shaped ent~ance az;igles. 
They concluded that melt fracture occurs at the same shear stress 
in both conical and flat entrances. The sever.ity is much less in 
the conical sections, though. Steel dies of angles of 20°, 40~, 
60°, and fiat entrances were used in a p~essure driven viscometer; 
5/8 inch I.D.; into the final 0.05 cm capillary. Extrudate f'ila-
JEnts of high and low density polyethylene were analyz~~ and the 
' above conclusions made. The onset of melt turbulence as a flmction 
of entrance angle was predicted by Clegg <9) in 1966, from his studies 
of polymer flow into various conical entrances. He noted that the 
polymers extruded through conical entrances had h:igb frequency 
oscillation of the center portion of-the filament, even though the 
surface was smooth. His. device was placed on the end of a ram 
extruder and the center portion of the melt was pigmented. Seeds or 
other solid particle marker material was placed in the n~tural polymer 
to observe flow around the center core . IDw density polyethylene , 
poly ( vinyl chloride) and polypropylene were studied·. 
In 1970 , Boles , et • al. { 8) conducted birefringence studies of 
a polymer solution into a flat entry capillary (dimensions not . 
·~ 
re1orted). Their results· -showed stress co;ncentrations at the center. 
of the flow, in.dicati ve of accelerative effects in the· center 
{channeling). Ballenger, et.al. <4-6) in 1971 observed melt f'lOW 
6 
' 
• '' .,,, : ~· ,': ··~ ·_ ,) ' ·, '. ,'< ·; •• ' 
1 of low density polyethylene, polystyrene and polypropylene at the 
entrance to a fiat entry capillary. His visual studies were con-
ducted on an Instron capillary rheometer, to which was attached a 
7/8 ·inch long Pyrex heavy-walled: glass tube. The area of stuttr was 
the region above the flat entrance to the capillary. Color motion 
pictures were taken of the resulting flow patterns of the various 
melts. High density polyethylene and polybutadiene flow into the 
flat entrance and a 90° conical entrance were also studied. 
In 1960, Schnlken and Boy<22 > demonstrated the effect of capil-
lary entrance geometry on the ·onset of melt fracture, which they 
defined as occurring when the shear stress exceeds the shear strength 
(17) . of the melt. Han, et. al. , in 1969, measured the pressure pro-
files of low density polyethylene and polystyrene , at shear rates 
from 100-500 sec-1 • 
From the pressure profile measurements , they were able to 
determine the entrance lengths and exit pressures as the flow 
entered the capill~. They· used flat entry capillaries only. 
y 
(Capillary diameter - 0.125 inch, length 0.5 inch with a 2.0 inch 
extension). Arai (l) in 1970 measured 1 the variation in pressure in 
the entrance region to various dimensional slits -with flat entrances 
and conical approaches. 
Various L/R (length to radius) ratios, includi;ng zero, were 
used by Boles et. al. (B) in 1970 to measure the differen~es in the 
overall pre·ssure drop into various conical entrances • They then . 
extrapolated these curves to zero to . determine the ditferences. 
7 
-.·., 
! 
.. 
( .. . 
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Their work was on polymer solutions and h.igh shear rates produced 
channeling. Han· and Lamonte, (lB) in 1971 measured the pressure 
profiles of high density and low density polyethylene and poly-
styrene as they flowed into flat entry and 30° conical entry dies , 
through capillaries of L/D (length to diameter) ratios of 4 and 20. 
They concluded that pressure fluctuations occur before the visible 
evidence of melt fracture and is a function of both L/D and entrance 
shape; the lo~ger L/D and conical entrance providi;ng. higb.er thro--
put rates prior to visible melt distortion. In 1972, Hen (i5} in-
.... 
vestigated the effects of the die entry ~gle on the entrance 
• pressure drops of various conical die entry conf.igurations. Measure-
ments taken in the upstream section, conical entry and capillary 
sections were used to determine viscous and elast.ic properties of 
h~gh density and low density polyethylene. 
Two theories ef wall velocity have been introduced and relate 
closely to the velocity profile and hence the residence time profile 
of the polymer· in the apparatus. The first theory pos'hulates ·that 
a velocity co~onent exists at the wall, expeciaJly at shear rates 
above melt flow instability (melt fracture) • . The second postulates 
that the velocity of the polymer at. the wall is zero at .. all shear 
rates •. · Theoretical models of polymer nelt behavior usually use the 
latter theory as an initial ass~tion. 
In 1962, Galt end Ma,xwell (i4) observed the velocity profiles ot 
· polyethylene melts • They concluded ·that the profile consisted of 
three ·sections, one of low velocity near the wall (not necessarily 
8 
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zero at the wall), one ot uniform velocity in the center of the flow 
and an area of h~gb. shear at the interface. A 0.172 inch I.D. 
' capillary was attached to a Baldwin and Southwark uni vers&l. testi~g 
machine and smaJ J tracer· particles were placed· in the melt for their 
velocity determinations. Their theory of velocity at the wall has 
come under attack because the size of' the particles used for their 
experimental work was -too large to follow the plane of' the polymer 
· at the wall. (ll) Benbow and Lamb (7 ) concluded from their studies ot 
silicone. gums, (which were then related to polymer melt-s), that a 
slip-stick mechanism of the melt occurs at the wall. Balle~ger, 
et.· al.,<4-6) Den otter, et. al. (ll) and Drexler and Han(i3) all 
Ii -~·~.-.. -: .. ,! 
have conducted velocity profile studies and concluded that the velocity 
/ 
at the wa.11 is . always zero. :All used rectangular slits with flat 
entrances for their studies. 
In reviewing previous studies· of flow ·visualization of' polymers, 
the method of obtaini·ng data, from the flow .patterns· of' the melt , 
has been predominantly by particle injection followed by st.reak . 
photography. ( 2 ) However, because of the focal plane depth of the 
camera, the overi.apping paths of the particles phot_ographed and the 
inability to determine the exact. path and position of each particle.,. 
accurate flow patterns of the polymer could. not be unequivocally 
ascertained. The inability to ·accurately locate a particle in 
· (10). cylindrical entrances prompted Den Otter to state that measure-
ments made in capillary devices·are in error because one cannot 
determine the exact· position of' the marker particle relative to · the ·. 
9 
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:waJ 1, due to its curvature. 
(1 4-6 several researchers ' ' 
In an.attempt to overcome this problem, 
ii , 13) have used rectangular slits and 
photographed a thin cross section in the center of the long dimension. 
Their assumption was that the flow above the capillary entrance was 
two dimensional and approximated that of a cylindrical channel. 
However, for direct correlation of the various profiles obtained 
from visualization· studies to standard processing facilities,_ 
cylindrical channels should be used to obtain the data·. 
Almost all studies have been conducted with the flow visualization 
device attached to an apparatus havi~g a limited charge of material, 
such as an Instron capillary rheometer. Thus only a limited, un-
interrupted flow.was possible before a new ch~ge had to be placed in 
the apparatus. Steady state conditions could not, without assumptions 
or reservations , be obtained in any single trial especially in studies 
of high capillary shear rates. The results of these studies cannot 
be applied directly to production conditions, since polymer pro-
cessors normally use continua~ extrusion devices. Studies of shear 
heating effects, steady state flow patterns, steady state. pressures 
and productionrDmelt properties of· various polymers can best be 
duplicated on continuously supplied apparatus. 
The impetus of this study has been to obtain additional infor-
mation about the characteristics of polymer melt flow in. the entrance 
flow. geometri.es of plastics processi~g equipment. -- The fundamental 
effort was to provide the polymer ,.processor with ·both the parameters 
and the means -for obtaining them so that he could scientificaJ ly 
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predict the optimum entrance configurations tor his process. In-
.. 
eluded in these parameters was the acquisition of additional 
information of the flow patterns ot the molten polymers at flow 
rates below, at and above melt fracture. However, of primary 
concern was the modeli~g of the flow in the approach channels to the 
final dies, which normally is below the enset of melt fracture. 
One of the . most significant parameters to be considered in the 
processing of polymers is the length of time the ~terial is sub-
jected to elevated temperatures.. Most polymf!rs, if held at a 
temperature above their melting point will begin to ~egrade after a 
period of time. The le~gth of time for degradation to begin varies 
from one polymer to the next and stabilizers are .often added to those 
which have a short time interval.. A knowle_dge of the residence time 
of a polymer in the extrusion apparatus is essential.in determining 
the minimum output. and the necessity of .a stabilizer, which increases 
the material cost. Having .a low minimum output, for a specified 
polymer would allow a large flexibility of the extrus.ion apparatus 
., 
so that a wide r~ge of· product sizes could be manufactured on a 
single machine. 
To accomplish this, it was considered essential that the test 
apparatus be capable of providi;ng an accurate marking technique and 
be fabricated for attachment to a continuous extrusion device. 
Tllus,. studies of the cont~nuous aspects of polymer melt extrusion 
from polymer pro~es.si~g equipment could be readily · conducted. The 
resul.ti;ng apparatus:. des.ign is adaptable to detailed studies. of_· 
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polymer flow in various types of dies and can be utilized by the 
.. 
polymer DJN1ufacturer for his individual process. Since the apparatus 
is attached to a continuous supply of molten polymer, the steady 
( 
state flow patterns for a specific quantity output can be observed 
for various entrance ~gl.es. . Hence, the best entrance configuration 
can be modeled and verified for proper flow conditions. Knowi~g the 
location of the marker trace also allows the determination of resi-
dence times as a function of radial distance and from these the 
calculation of the velocity profile. 
The marker material is injected in a si~gle plane across the 
cross section of the upstream channel at predetermined radial lo-
cations. As this marker cross section fl(?WS into the entrance region 
to a capillary, the flow patterns are readily observed. Being able 
to observe a si~gular cross sectional plane of the flowi~g polymer 
has many advantages. When viewing across the marking plane, the 
degree of. the. polymer's anticipation to the capillary entrance can 
be seen. Also, the degree of oscillation and manner of entrance 
drawback. in the polymer mainstream can be observe.d when the rate 
of flow is above the onset· of melt · fracture of the material. As the 
polymer nears the capillary., an appreciation of the stretch of the 
material can be ascertained:by obser~g the thinni~g of the marker 
in the entrance region. Quantitatively, the same information can be 
obtained from the velocity increase in the entrance .• 
· · Upon rotation of the marker 90° , a vi·ew in. the plane. of marki~g 
can be obtained. This will readily indicate· any oscillations or· 
, 
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devi·ations trom the marki;ng plane and if none are observed, then the 
data obtained from the cross plane observations will be two di-
mensional. If, however, rotation or other oscillations are observed. 
when viewing the marking plane , then the third dimensional consi-
deration must also be taken into account in the analysis of·the data. 
Thus, the information provided by this marking technique will provide 
not only an indication of the overall behavior of the polymer in the 
entrance r_egion but will allow accurate analysis based upon the 
observations made. 
Many attempts have been made to derive expressions which·will 
predict, accurately, the behavior of the various types of polymers 
under conditions of known shear rate or sh·ear. stress. The shear 
stress, T , at the channel wall may be w 
• expression: 
T w = 2(L/·R) 
p (i) 
where P is the pressure drop through the Ghann~l of le~gth L arid of· 
radius R. 
The apparent· wall shear rate 
rate, Q, through an · analysis due 
y · was determined from the flow w 
(26) (20) to Weissenbe_rg and Mo·oney, 
This. expression represents the Newtonian fluid Shear rate and is us:ed 
as . a first approximation, or apparent , shear rate for power law 
~·· 
:fluids·. Amo~g _the more widely· ·used · expressions for prediction ot 
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the relationship between short r~ge shear stress and shear rate , 
or viscosity ot the polymer, is the power law f'unction:<19 > 
,: 
0 G¥1d O t al f h ~ d h t in , QIU, T represen v ues o s ear ra;"'e an s ear s ress an 
arbitrarily chosen standard state and are constants within that 
standard state. Thus : 
-
(4) 
_or since the viscosity, f/ is defined as: 
then 
f/ = K( y )n-1 
and 
• log f/ = log K + (n-1) log Y (5) 
The slope of the viscosity vs. shear rate plot of F_igure 11 therefore 
• is equal to n-1 and the intercept at Y equals .1.0 is eq1JBJ to K. 
From the slope therefore, the poly:rn.e~ flow index, n, can be deter-
mined. When consideri~g laminar flow of a.n incompressible non-
Newtonian fluid thro:ugh a lo~g tube of circular cross section, the _ 
velocity profile. can be derived from the equations of momentum. and · 
energy, yielding the following expression: (l9) 
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V = V [l - (r/R )n+l/n] 
0 0 
where V is the velocity at any point on the radius, V is the 
0 
(6) 
. . 
centerline velocity, r is the radial distance from the centerline 
where the velocity is being determined and R is the channel radius. 
. 0 
• 
The theoretical residence time profile can then be ~ound by simply 
di vidi~g the ·length· ot· the. up-stre_am region· "by V. The channel wall 
shear rate for non-Newtonian fluids differs from the Newtonian or 
. 
apparent shear rate by the polymer fl.ow index: 
.. 
In this study, the capillary-wall shear rate was determined from 
equation ( 7) af'ter n was found . for each polymer. All references to 
shear rate therefore are to values determined from equation ( 7) • 
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APPARATUS DESCRIPTION 
The information necessar:, to determjne the dynamic flow patterns 
in the approach channels to extrusion dies or entrances to molding 
nozzles, was obtained from an apparatus that provided the capability 
of viewing and photographing the polymer melt as it flowed, at 
various t~roughput rates, into conical shaped entrances of different 
angles, see figures 12, 25, 26 and 30. Previous studies utilized 
glass channels with conical entrances (if used) on glass capillaries. 
The glass was either surrounded with steel for shieldjng with small 
peepholes drilled at various positions along the length <21> or tm-
supported being held by. glass to metal seals to the extrusion 
apparatus. ( 4) Each method had limitations but provided an opportu-
ni ty toCobserve the flawing polymer melt. A search of the physical 
properties of various transparent materials resulted in the ca>.-
clusion that only a glass will be capable of withstanding both the 
temperatures and pressures, if it was designed and protected 
properly. 
Of the. various types of glass available, either a borosilicate 
glass, such as Dow-Corning's Pyrex®brand, or a fuzed quartz glass 
provided the necessary strength, toughness and transparency for the 
photographic study. Obviously, due to the anticipated pressures ot 
the study, a thick walled cylindrical apparatus was required. The 
inside diameter was chosen to be 5/8 inch, matching the adaptor 
available on the extruder that was used in the study. To 
•• 
the dimensions of the glass, the allowable stress, " , was y 
a 
w 
tor a heavy-walled tube: 
= p .J3(0D)4 + (ID)Ii 
(OD)2 - (ID)2 
•. 
OD is the outside diameter, ID is the inside diameter and P is the 
pressure exerted on the tube. Based on Ballenger' s ( 4) experience, · 
a burst pressure of 2500 psi was assumed for his 19/~ inch O.D. and 
) 13/32 I. D. heavy w&l led Pyre.JID tubing; "w = 10806 psi. From this 
and the assumption that this study would not exceed 3000 psi internal 
pressure, a 2 inch O.D. tube was deemed to have sufficient strength. 
The theoretical burst pressure was calculated to be 5620 psi, allow-
ing approximately a 2 to 1 safety factor for the glass at the assum-
ed maximum pressure, (which was, as it tumed out, about three tim!s 
the actual observed pressure during the study). Thus, an actual 
safety factor of 5 to 1 or greater existed at all times, which -is 
consistant with normal working pressure considerations of glass 
apparatus. 
\ 
./ '.. 
I th . t di (2-6, 9, 14, 15, 17, 18, 23) th''·-_ 't ... n e previous s u es, e ra 10 
of entrance to capillary diameters ranged from 20/1 to 5. 3/1 but 
no specific reasons were given for the particular choice. In 
extrusion crosshead designs , the standard approach channel reduction 
ranges from 6.67/1 in a 2~1/2 inch extruder to 6.1/1 in an 8 inch 
extruder. The standard molding machine nozzle reduction is 5/1. 
A channel reduction ratio of 5/1 was chosen for this study ~- being 
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representative ot processing equipment. 
'!he materials chosen for this study, have been shown to e:xbibi t 
a wide variety of entrance patterns--trom the large anticipation ot 
low density polythylene to the smal 1 anticipation flow of high 
density polyethylene. Thus, to obtain a good indication ot both ·· 
types of flow from various entrance angles to a capillar.r, angles 
ranging from shall aw (45°) to severe (180°) were chosen. Two 
-· intermediate angles , ~0° and 135°, were chosen to provide indicatioo.s 
of how the flow profiles of each polymer varied as the entrance angle 
ranged, step-by-step, from sha.llow to severe. 
The glass portion of the apparatus was fabricated in several 
pieces and assembled as shown in figure (1). The upstream portion 
was a 2 inch O.D. cylinder with a 5/8 inch I.D. channel down its 
center. The capillary was a separate 2 inch O.D •. cylinder with a 
1/8 inch I.D. hole in the center. When placed together, they formed 
the 180° or flat entry angle. The various conical entrances were 
5/8 inch O.D. cones with their particular conical angle leading to 
the 1/8 inch hole in the bottom. The entrance was polished to a 
tight slip fit inside the upstream cylinder I.D. and the pressure 
, from the flowing polymer held it against the capillary ~s piece. 
The 135° angle was only .12 inclles in thickness and since it was 
extremely difficult to fabricate an entrance of this small 
dimension, a separate piece of 2 inch O.D. glass was used. In the 
center was gromd and polished the conical ~gle from 5/8 to 1/8 
· inches ·at the 135° included angle. 'Bl.is was then simply sandwiched-
' . 
·.,,, 
·.~ 
' 
·, 
,, 
between the upstream and capillary sections. 
Design ot the glass portion of the apparatus in several pieces 
was deemed advantageous from a :rabrication standpoint in that each 
piece was easier to make individually. Also, the upstream. and 
capillary portions could be used tor all trials with the different 
conical entrances inserted or removed as necessary-. From a breakage 
standpoint , if a single component cracked, only it had to be remade , 
not the entire apparatus. AJ 1 of these factors added to less cost 
and time consumed for fabrication. A final and equally important 
factor to be considered was the ease of cleaning the apparatus. 
Since it could be taken apart, each piece was easier to clean than 
a single component would have been. Cleanliness was found to be 
critical because a film of polymer would invariably adhere to the 
glass surface and if not removed, would degrade during subsequent 
trials and adversely affect the photography and visualization of the 
polymer flow. 
It was decided to encapsulate the glass portion in a steel 
sleeve arrangement and view through slits cut in the steel. 'lhis was 
done to provide a degree of safety should the glass shatter and to 
provide a straightforward method of' holding the glass in place. 
Shrink fitting the steel sleeve over the glass was considered un-
necessary, since the design of the glass accowted for the highest 
expected pressure on the system. Further, the shrink f'it would have 
necessi.tated· repeated heating and handling of the apparatus at 
temperatures of approximately 800°F. Because of the n1merous trials 
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and disassembly required tor cleaning, a slip tit of the sleeve o-,er 
the glass was deemed to be sutticient. 
A tetlon gasket was used between the glass and the · upstream 
portion of the device to assure a good seal against polymer leakage. 
' . A metal retainer was placed against the exit end of the capillary 
to support it against the pressure ot the flowing polymer. Since 
· the apparatus was normal 1y assembled at room temperature, some method 
had to be utilized to compensate tor the differences in theramJ 
expansion of the glass and the metal. Belleville spring washers were 
chosen for this task to provide allowances for slight movement of the 
glass pieces, should polymer leakage occur. When assembled properly, 
with the Belleville washers moderately compress·ed, the tension on 
the glass pieces was sufficient, a:rter the heat-up period, to prevent 
leakage of the flowing polymer. The entire apparatus was heated by 
b$?1d heaters which were controlled by variacs for proper temperature 
control. 
As indicated earlier, the marking of the polymer was considered 
crucial to the success of this study. To provide a single plane of 
pigmented polymer, across the radius of' the upstream region, a sma.11 
hollow tube was required to project across the flowing polymer 
stream. A 16 gauge by'podermic, needle was fo1md to~ have·· sufficient 
strength against the pressure of the flowing polymer, yet was small 
enough to preclude the creation of' significant f'~ow disturbances as 
the polymer flowed arotmd it. In order to inject the polymer at 
pred~termined radi·al positions, .020 inch holes were dr.illed in. the 
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downstream side of the needle. It was found that it the holes were 
smaJ ler than • 020 inch, molten polymer could flow. into the needle 
(be tore marking was started or·· during the puJ sing of the injection 
system) , but would not be pushed back out by the pressure from the 
injector. If the holes were larger, too much marker would be 
injected and smearing ot the pro:N.le would result. ihe end of the 
hypodermic needle was silver soldered to prevent undesired flow 
tram that point • 
The needle was attached to a simple hydraulic cylinder in-
.J:E!ction system and placed in the visualization apparatus as 
·i·llustrated in figure 2. Polymer color concentrate was placed in 
the lower portion of' the cylinder and melted by a variac coo.trolled 
band heater. Hydraulic oil was applied under pressure to the upper 
portion of the cylinder, producing sufficient pressure to force the 
molten concentrate out of the holes in the needle and into the 
flowing polymer stream. A bleed-off valving arrangement allowed 
variation in the pressure applied to the cylinder and an on-off 
switch provided the method of pulsing the marker so that measurements 
could be taken. 
One hole in the needle, was placed as near the wall as possible, 
which was the region of lowest flow velocity. .Another hole was 
placed on the centerline, which was the region of highest velocity; 
with two holes between. The hole nearest the wall had more marking 
material forced out c;,f it because it was closer to the hydraulic 
cylinder and this inbal.ance at some throughput rates, caused dis--
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proportionate marking and resulted in smearing ot the protile near 
the wall. Hence, equal strength marking across the radius was 
difficult to achieve and di:tterent pressure settings were required to 
obtain satisfactory marking at the centerline and at the wall. 
The extruder used in this study was instrumented so that a 
mininn1m of 4.5 RPM was attainable. However, some ot the trials were 
planned to be run at lower throughput rates than the minimum output 
ot the extruder. Therefore, a bleed-oft valving arrangement was 
necessary to divert some of the flow at these low throughput rates. 
Also, one of the materials studied, tended to degrade fairly rapidly 
and bleeding off some of the material., to insure that the residence 
time of the polymer ins-ide the extruder did not exceed the time for 
the conmencement of degradation, was necessary. The bleed-off 
arrangement also tended to damp out minor pressure tluxuatioo.s caused 
by the rotation of the screw. Thus, low throughput rates of mde-
graded material, under constant pressure were available because ot 
the use of the bleed-off valve. .Another feature designed in the 
valve was the diversion of the flow stream 90° so that the exit tran 
the visualization apparatus was directed at the floor. 'lh~s 
eliminated the problem of the filament hanging up on the device end-
cap (especially at low throughput rates). 
The bleed-off valve and viewing apparatus assembly are shown· 
in figure (3) with an adjustable valve regulating the flow to the 
visualization device. The chsnnel below the valve stem was greater 
than 10 diameters in length to insure :f'ully d~veloped flow in the 
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glass portion. In addition• a pressure gauge tap and a thermocouple 
tap were provided to monitor the upstream pressure and melt 
temperature ot the flowi.ng polymer. 
To provide an indication ot the pressure profile ot each polymer 
as it flowed into the variom entrance angles , steel duplicates of 
the glass portions of the test apparatus were constructed. Their 
dimensions and configurations were identical to those of the glass 
so that identical flow conditions could be attained. Each steel 
· entrance had pressure taps positioned as shown in figure (4) with 
one in the upstream region, one at the entrance to the conical 
angle, one in the conical angle as close to the entrance to the 
capillary as possible and one located in the capillary. 
Dynisco Microdot pressure transducers, model PT422SP were 
mounted in each hole and attached to a PDP-10 computer data 
acquisition system for monitoring. Prior to the pressure trials, 
each of the two 0-1500, the 0-3000 and the 0-5000 psi transducers 
was calibrated on a dead weight tester using 6 mv excitation with 
each achieving approximately a 20 mv readout for f'ull · 1oad. A plot 
of mv readings vs. pressure was then constructed for each transducer 
and used to convert the data obtained from the PDP-10 from mv to 
pressure readings. 
Motion picture films were taken of the various polyme·rs during 
the visualization tri:als using an Arriflex 16 mm variable speed 
motion picture camera with a 90 mm macro lens arrangement. ibe 
apparatus was back-l_ighted with a 500 watt reflector fiood lamp· 
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shining through a mylar dittuser to provide even lighting. ~e 
camera was set at 24 frames per second tor all trials. A lunaprobe 
light meter was used to determine the t-stop settings tor each polymer. 
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Prior to the commencement ot 81JY trial, the tlow visualization 
apparatus was assembled as indicated earlier with the particular 
entrance angle cone being placed in the apparatus. ~e device was 
then attached to the bleed-ott valve and the entire extruder heated 
to the proper temperature tor the trial. When all of the equipment 
was at the proper temperature, the extruder was started with the 
bleed-off valve alwqs closed to the visualization section. After 
the extrudate attained proper ficw characteristics, the valve was 
ac]Justed to the initial flow rate. The motion picture camera and 
lighting were then set up, focused end checked for proper operation 
The marking apparatus was energized just prior to the set-up of 
the photographic equipment. The marker was then pulsed so that a 
series of short bursts of color concentrate, similar to that shown 
in figure 5, flowed through the entrance. 'lhese were photographed 
and later analyzed to determine the residence time of each as a 
function of radial distance and throughput rate. 
Each trial consisted of adjusting the valve and extruder RPM 
until a flow rate was attained that provided a representative flow 
pattern at a reasonable pressure. Because of glass breakage .problems 
at pressures above 1000 psi, four trials were chosen at pressures 
between 500 and 1000 psi for each entrance. 'lhe flow was allowed to 
stabilize tor at least ten minutes before success-ive one minute 
throughput samples were taken. 'lhree samples were taken, weighed, 
and averaged. The maximum and minimum were ~bi trarily taken to 
,;!•. ,. 
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be t·1 gm tor low throughputs and :!:. 4. gm tor high throughputs • It 
the readings tell outside these guidelines , adjustments were made 
in the valve setting and/or screw speed until the above criteria 
was met. 
Filament samples were taken by immersing the extrudate in water 
until they were solidified. '!his was done in an effort to "freeze 
in" the flow pattems. Samples ot the collected filaments are shown 
in figure 23. 
After the completion ot the visualization studies, the glass 
apparatus was removed and the steel channels with pressure taps were 
placed in the bleed-off valve exit. 'lhe transducers were screwed 
into place with silicone grease placed in front of them to till the 
space between the end of the transducer and the flow channel.. '!he 
transducers were then attached to the PDP - 10 data acquisition 
system for recording of the mV readings. A 6 mV excitation was used 
on each transducer so that the output would correspond to the 
calibrated results from the dead weight tester. The extruder was 
operated at exactly the same throughput rates and the pressure 
measurements recorded from each trial. '!he mV readout was converted 
to pressure readings which were then used in the characterization of 
each polymer. 
A grid was scribed· on a glass slide which had a t_ight slip-tit 
into the upstream glass channel. The markings were in 0.05 ·inch 
increments across the radius and in 0.-10 inch increments along the 
length. After carefully plac~g the glass slide into the upstream 
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secti,on channel, the visualization apparatus was assembled as betore 
with caretul attention being paid to insure that the grid was normal 
to the viewing slits in the steel sleeve. Each molten polymer was 
in turn extruded through the apparatus and the grid as seen through 
the molten polymer recorded on motion picture film • 
. 
.. 
A:f'ter the films, of the various polymer flow profiles, were 
developed, they were analyzed on a 16 mm editor and various data 
obtained from them. The recorded grids were superimposed over the 
films of. the respective materials and utilized to make the various 
measurements. The flow profile of a given entrance configuration, 
at a given throughput rate was measured to determine the radial 
distance from the waJ 1 that each marker stream traversed. In 
addition, the height of the secondary flow region and the distance 
above the capillary entrance that each marker stream anticipated 
the capillary (by bending t9ward the entrance) was measured. From 
the radial distance of each marker stream and the anticipation 
height above the capillary, the distance each marker stream traveled 
in the anticipation region was calculated. 'lhe length of time each 
marker stream took to traverse the upstream region and the entrance 
. .. 
region was· then determine.d by counting the n11mber of frames it took 
for the marker to pass through the particular region. The n11mher 
ot frames was next divided by 24 (number of frames per second) yield-
ing the time desired. When the region distance was divided by the 
above determined time, the velocity of the stream in that region W8$ 
Im.own. 
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MATERIALS IlfVESTIGATED 
The wire and cable manufacturing industry uses several types ot 
polymers for the coating and sheathing of its products. Among the 
more widely used materials are low and high density polyethylenes, 
polypropylene, and poly vinyl chloride. In this study, these four 
typical insulating canpounds were investigated and various compari-
sons made of their individual flow characteristics into the four 
conical angles. The physical parameters of these materials are 
contained in table I with viscosity data for each contained in 
figures 7 through 10. The ~stron capillary rheometer was used to 
obtain the data from which the viscosity information was calculated 
and the entrance configurations and L/D ratios were as shown in the 
figures , for each of the polymers. Figure 11 provides a direct 
comparison of the viscosity of each of the materials at the 
temperature which they were analyzed. High density polyethylene 
was seen to be the most viscous and polypropylene the least with 
low density polyethylene and poly vinyl chloride between. 
Low density polyethylene has been observed and characterized 
extensively in previous flow visualization studies and its large 
anticipation of the capillary noted. Figure 12 shows. the character-
istic "wine glass stem" flow profile into a 180° entrance with a 
large countercirculating secondary flow region. This pa:ttern has 
provided interesting photographs and resulted in its use as a basic 
material from which to describe and compare polymer flaw profiles. 
·2.·a· ,. ' ' ' . . 
I , 
,. ' '(>,, '' 
,, ' , .. 
,, ' 
/r·: 
, .. 
'' 
. . The various regions ·in the profile have been labeled to clarity the 
discussion of flow instability and melt fracture in the following 
section. High density polyethylene, figure 13, and polypropylene, 
\ figure 14, though not as exteni·i ve]y studied provide a drastically 
. . different flow profile in that the anticipation of the capillary 
is very small and the secondary flow region greatly diminished· from 
that of low density polyethylene. 
-Poly vinyl chloride has not been studied as extensively as the 
other three compomids due primarily to its lack of transparency and 
high degradation rate at elevated temperatures. As indicated in the 
introduction, almost all of the previous studies have been conducted 
on discontinuous extrusion devices. Usually the polymer was supplied 
to the upstream section as a preformed rod and raised to its molten 
temperature by heating with external band heaters, prior to extrusioo. 
Low shear rates then necessitate a long residence time for the 
molten polymer in the heated section and a rapidly degradable 
material such as poly vinyl chloride soon begins to deteriorate pro-
viding uiaccurate measurements and detracting from the visualization 
studies. In addition, most poly vinyl chloride compounds contain 
fillers a:nd/or additives, which, though essential to the quality of 
the production type material, make the polymer translucent or more 
often opaque. A transparent poly vinyl chloride ce>mpound has 
recently been developed for use as a wire and .c;able coating and was 
utilized in this study. Its flow pattern as shown in figure 15 is 
ve-ry similar to that of high density polyethylene or polypropylene. 
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While studying poly vinyl chloride, the bleed-oft valve portion 
of the apparatus was essential in providing satisfactory results, 
especially at the lowest shear rates. A s uf:fi cient quantity was 
diverted through the bleed-off port to prevent degradation of the 
polymer in the screw and approach channel sections of the extruder. 
This provided fresh undegraded material to the entrance of the 
visualization apparatus, continually. Even with this precaution, the 
poly vinyl chloride did begin to degrade by turning yellow at the 
. lowest shear rates ( those below 75 sec -l). A bright yellow color was 
-1 observed at 17 sec in the 135° entrance, which was the lowest shear 
rate studied for poly vinyl chloride. However, this did not impair 
the quality of the photography and it is felt that the flow 
characteristics were also not affected. !I.he course of degradatiai 
of this poly vinyl chloride compound is an appearance of the y~11ow 
color, which continually increases in darkness, until a golden 
brown appears. From this point, particles of charred, black material 
appear, contin11ing to occupy more and more volume until all o:r the 
material is degraded. At shear rates above 75 sec -l, the polymer was 
flowing at a sufficient rate to preclude the commencement of' the 
degradation process. 
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The bas-ic descriptions of the flow of each polymer in this 
study will be for the 180° or flat entrance coo.figuration. The tl.ow 
in each conical entrance will then be compared to the 180° entrance 
configuration. In the high density polyethylene, polypropylene and 
•• 
poly vinyl chloride studies, only smooth flow was observed since al.1 
shear rates were well below previously observed melt fracture or flaw 
instability regimes. (6) Flow instability and melt fracture were 
observed in the low density polyethylene studies of the 180° and 
135° entrances. Flow instability is a non-equilibrium condition in 
which the volume of the secondary flow region is adjusting to an 
increase in shear rate. Melt fracture is an equilibrium flaw con-
dition which exists at high shear rates and involves only the main-
stream flow of the polymer. Both conditions produae- extrudate 
filament distortion resulting from the pulsing action of the make-
up volume involved. In the following discussion of this observation., 
, a single plane of material. is examined with primary concern being 
the region of material located between the outermost marker stream 
located 0.04 inch from the wall. 
Below the onset of flow instability or melt fracture, it was 
observed that the outermost marker in the capillary flowed in the 
same position, relative to the wall, regardless of shear rate. 'lhus, 
the volume in the capillary which conveyed polymer from this region 
in the upstream section remained constant. To accommodate . Sllf 
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increase in flowing polymer volume, the velocity in the capillary ' 
would therefore have to increase as the shear rate increased. When 
the shear rate was increased, the volume ot polymer flawing into the 
upstream section increased causing both an increase in velocity 
through the apparatus and an increase in pressure on the system. 
The increased velocity of the capillary could not accanmodate the 
total increased volume of material now flowing between the outermost 
marker and the wall in the upstream region. It was observed that 
the distance above the capillary entrance, which the outermost 
marker anticipated the capillary•s smaller diameter, increased as 
the shear rate increased. During the same conditions of increasing 
shear rate, the secondary flow region decreased in volume. It was 
concluded that the increased volume flowing between the outer marker 
and the wall caused this condition and the new anticipation height 
and new secondary flow volume were as required to balance this in-
creased upstream flow volume with the new volume flowing through 
the capillary (resulting from the increased velocity caused by the 
increased shear rate). 
The volume reduction of the secondary flow region, with an 
increase in shear rate, is accomplished by small quantities of the 
secondary flow region crossing the interface between it and the 
mainstream flow and exiting through the capillary; providing the 
shear rate increase is gradual. If the change is slightly more 
abrupt, the secondary flow voliime pushing into the capillary will be 
larger and will1 f~>rce, alternately, the marker to osc·illate in the 
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j entrance until equilibrium is once again established between the 
secondary flow region vol11ne and the flowing ma1nstream polymer. The 
more abrupt the increase in shear rate, the greater the secondar.Y" 
flow volume must decrease and the larger the oscillations ot the 
marker in the entrance. 'llle entire volume of the secondary now 
region does not reduce itself instantaneously. Instead, a single 
plane Jets a portion of its excess volume into the capillary, then 
each adjacent plane in sequence around the capillary entrance 
periphery in a specific direction, depending on the polymer. In 
this study the flow ot the secondary flow regions in low and high 
density polyethylene were observed to rotate in a counterclockwise 
direction while polypropylene was observed to rotate in a clockwise 
direction. The rotation sequence sets up a rotation of the cap-
illary flow pattern, which can be seen in figure 19. 
0:rten, during the course of the study of low density po]yethy---<. -~ 
lene, melt flow instability was observed in the entrance and in the 
resulting filament, immediately a:t'ter an output increase. This 
transition condition existed until the new flow equilibrium. was 
reached. The time required for this to occur ranged from a few 
seconds to several minutes, depending on the abruptness of the 
increase and the closeness of the shear rate to that of steady'-state 
melt fracture. If the increase was to a shear rate above steady-
state melt fracture, the initial result was a reduction (lf the 
secondary flow region by the above mentioned mechanism until an 
' 
equilibrium condition was achieved. The secondary flow region 
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plqed a lesser and lesser role in the make-up ot the distorticm 
until, at equilibrium, it ceased altogether to be a factor in the 
make-up ot the distorted extrudate filament. It merely acted, :from 
that point on, to f'ill the space in the entrance region that was 
outside the mainstream :flow. 
As the shear rate is continually increased, a point is reached 
beyond which the extrudate becomes distorted, even under steady- state 
flow conditions. ~is point was ref'erred to by Tordella<25 > as 
melt fracture. As the shear rate increases, the pile-up of the 
polymer flowing between the outer marker and the wall causes a con-
tinual adjustment of the anticipation height of the marker and the 
secondary flow region, until the pressure :from the polymer in the 
center portion of the upstream channel will no longer &llow the 
anticipation height to increase further upstream. During this time, 
the center portion of the upstream polymer is increasing in velocity 
to a greater degree than the polymer near the wall. This condition 
causes an increase in the amount of shear that is occuring in the 
polymer in this region and its viscosity is decreasing because of 
the heat being generated by this action. When the shear rate is 
further increased, the volume of the polymer flowing between the 
outside marker and the wall in the upstream region. cannot reach 
an equilibrimn condition, since the anticipation height is no 
longer increasing. Since this material is higher in viscosity, ·it 
causes local yielding of the center volume polymer and relieves 
·:_,,.. ' .. • 
:<· ,. '. 
the excess pressure by jetting into the capillary. !Ibis. sequence 
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results in oscillation of the marker and at still higher shear 
rates causes the marker to actually draw back from the capillar.v 
entrance because of the 1-arge excess volume of the near the wall 
polymer. Once again, the sequence rotates around the entrance, 
causing the observed rotation in the capillary of figure 19. 
When the action is severe enough, the filament will exhibit dis-
continuities in marking caused by the p11JJback of the upstream 
markers above the capillary entrance. The extrudate filament and 
capillary flow conditions are the same for both melt flow instability 
and melt fracture. However, in melt flow instability, the secondary 
flow region is the cause of the observed flow while at melt fracture 
conditions, only the mainstream flow is involved in the observed 
phenomena. Melt flow instability will, after a period of time, 
disappear when equilibrium is reached. Melt fracture, being an 
equilibrium condition, will remain as long as the apparatus is op-
erated at the conditions which orginaJJy caused it to occur. 
The sequence described for both flow instability and melt 
fracture for low density polyethylene mq be seen in figures 17 
through 23. Smooth filament flow is seen in figure 12 as the typical 
law density polyethylene flow profile. 'lhe resulting filament from 
this flow condition is shown as the top sample in figure 23. When 
viewed in the plane of marking, as in figure 16, the single plane 
of marking is seen to extend through the capillary. !!he oscillation 
of the marker above the entrance to the capillary is shown in 
figures 17 and 18 for moderate conditions of melt flow instability. 
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In figure 17 the marker nearest the wall is flowing 0.01 inch tram. 
the ~apillary wall which in figure 18, some 8 frames later, the 
outside marker has oscillated to a position that appears to be 0.02 
inch tram the capillary wall (in the viewing plane of the photograph). 
Actually, as shown in figure 19, when viewed in the plane of marking, 
the marker in the capillary is rotating and in figure 18, the marker 
in the capillary has simply rotated 81t1fI3 from the viewing plane . 
Referring again to figure 19, the rotation of the polymer is seen 
to occur only in the capillary. If the conditions are severe, as 
with high shear rate melt fracture, the marker above the entrance ... 
to the capillary becomes discontinuous and draws be.ck awq from the 
entrance region. This condition is shown in figure 20, where the 
middle marker has pulled back approximately 0.08 inch above the 
capillary entrance and the outermost marker has pinched off just 
above the entrance. The discontinuous markin-g sequence is shown in 
figures 21 and 22. In figure 21, there is no marker in the 
capillary and in figure 22 , the next frame on the film qt this 
sequence, the marker is seen once again. Because of the velocity 
increase in the capillary, the marker in figure 22 has thinned 
considerably and is only faintly visible as the single line extend-
ing through the capillary, to the right of the centerline. In this 
sequence of photographs (f'igures 16-22) the capillary section of 
glass was cracked ( the crack being across an outer cord and not 
extending to the capillary i tselt). '!he crack was, however, re:f'l.ect-
ed in the capillary and should not be mistaken for the marker. The 
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filament samples from both conditions described above are shown in 
figure 23 as the center and bottom filaments. In figures 16 and 19, 
a significant amount of marker was flowing adjacent to the wall and 
is seen as the thick marker in the upstream r_eg:l.on. This extended 
into the secondary flow region also. At the condition of severe melt 
fracture, figures 21 and 22, this marker adjacent to the wall has 
passed through the dev:fce, except for the portion in the secondary 
now region. The marker here remained throughout the trial at this 
shear rate - some 35 to 40 minutes • 
The flow profile of low density polyethylene in the 180° en-
trance followed the general trend outlined above. The secondary 
f+ow r~gion extended o.47 inch upstream of the capillary entrance 
-1 
at 5 sec capillary wall shear rate. As seen in figure 12, the 
o~·side marker, however, anticipated the capillary by 0.6 inch. As 
. 4 -1 the shear rate was increased to 1 7 sec , the secondary flow r_egion 
decreased, as predicted, to 0.25 inch above the capillary, and the 
4 -1 marker anticipation increased to O .67 inch. At 1 7 sec , melt 
fracture was occurring, and provided an excellent opportunity to 
observe this flow phenomenon. (The trial was held at this shear 
rate for about fifteen minutes prior to any data collection or 
phot~graphy. During this time , the secondary flow region was 
observed to stabilize and took no additional part in the make-up 
of the capillary flow field. ) The increase in the anticipation 
he_igbt of the outside marker and the decrease . of the secondary flow 
region volume as the shear rate increased can be: seen in figure 24. · 
. ; 
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The 135° entrance flow configuration typlitied by figure 25, 
. '\ 
indicated the same generally upward trend of' anticipation he~ght 
-1 above the capillary with increasing shear rate. At 3 sec the 
anticipation height above the top of' the 135° entrance was 0.43 inch 
and increased to O. 53 inch at 182. 5 sec-l. Again the secondary 
flow region indicated the same trend diminishing from o.42 inch above 
-1 
-1 the top of the 135° entrance at 3 sec to 0.28 inch at 182.5 sec • 
The_ glass portion of the conical entrance replaced some of' the 
secondary flow vol11me , thus reduci~g the overall secondary flow 
region height. In this entrance melt fracture was observed at 
approximately 180 sec -l shear rate. Since the study of melt 
fracture was not of primary concern, no attempt was made to de-
termine the exact shear rate where melt fracture occurred. 
The 90° entrance, whose typical flow profile is shown in 
figure 26, displaced most of the secondary ·flow region and very 
little reduction in height occurred over the range ~f shear rates 
studied. The secondary flow height was O .15 inch above the top of 
4 -1 -1 the entrance at sec , reducing the O .10 inch at 275 sec shear 
rate . Melt flow instability occurred when shear rate increases were 
made above 13 sec-l but these subsided to a smooth ·filament after 
a few minutes. It was noted that a much lo~ger time was required 
· -1 -1 for this to occur when the ch~ge from 60 sec to 275 sec was 
• The 90° steel. 
-1 · -1 made than for the ch~ge from 13 sec· to 60 sec 
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die contiguration t:hat was utilized tor the pressure profile 
studies was taken to a shear rate of 1100 sec-1 and no melt fracture l' 
ot the low density polyethylene was observed. 'lb.e glass apparatus 
was not used because ot the relatively high pressures at this shear 
rate (approximately 1800 psi). The anticipation height of the outer 
marker remained at 0.25 inch above the top of the 90° entrance at all 
shear rates studied. 
The basic flow of high density polyethylene into the 180° \ 
entrance, as shown in figure 13, is much flatter with far less 
anticipation of the capillary entrance than low density polyethylene. 
'lhe secondary flow region was extremely small, being only 0.2 inches 
in height at the lowest shear rate of 24 sec -l. .As the shear rate 
-1 was increased to 539 sec , the secondary flow region diminished 
to 0.03 inch, virtually disappearing. At these same shear rates, 
the anticipation length of the marker nearest the wall increased 
from 0.2 inch above the capillary entrance to 0.4 inch. 'lhe 135°. 
conical entrance displaced the greater portion of the secondary 
flow region that existed in the flow profile of the 180° entrance. 
'lhe remaining portion extended 0.08 inch above the top of the 
-1 
-1 ent-rance at 20.5 sec and completely disappeared at 222 sec 
shear rate. At the same time, the anticipation of the marker to 
the 135° entrance increased from O. 33 inch above. the top of the 
135° entrance cone to 0.43 inch. When the·90° entrance configura-
tion was studied, no secondary flow region was observed; as expect-
ed, since the 90° coni.cal angle completely displaced the original. 
' ' 
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secondary flow region seen in the 180° configuration. Figllre 27 
provides a comparison ot the secondary flow height and the 
,\ 
anticipation length ot the outside marker above the top ot each 
conical entrance studied and indicates how they varied with shear 
rate. 
'!he flow ot polypropylene into the standard, 180° entrance, as 
seen in figure 14, was slightly less flat than high density poly-
ethylene, but very similar in cont our. '!he secondaey flow region 
remained constant in height above the entrance at 0.1 inch for shear 
rates from 66 to 256 sec -l but increased to O .2 inch at 432 sec -l. 
During the same shear rates, the anticipation length of the outside 
marker increased from O. 35 to O. 45 inch above the entrance, which 
means that the anticipation ot the outside marker to the capillary 
remained the same distance above the secondary flow region height 
as the shear rate increased. '!he secondary flow region above the 
top of the 135° entrance was only 0.05 inch at 66 sec-l and the 
anticipation of the outside marker was 0.23 inch upstream of the ·,.; 
top of the cone. As the shear rate was increased to 256 sec -l, the 
marker anticipation increased to --0.28 inch above the entrance cone, 
while the secondary flow region followed, increasing to 0.1 inch. 
However, when the shear rate was further increased to 432 sec -l, 
the secondary :flow region completely disappeared while the outside 
marker anticipation height increased further upstream to 0.33 ·inch 
above the top of the 135° cone. The 90° entrance had ,no visible 
secon<iary flow region, even at the lowest shear rate and the 
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anticipation ot the outside marker to the converging portion ot the 
entrance remained essentially constant at 0.15 inch above the top of 
the 90° cone. The plot ot the observed size ot the secondary tlow 
region and the height of the outer marker anticipation ot the 
capillary above the top of the various entrance angles tor polyprc>7-
lene is shown in figure 28. 
The flow profile of poly vinyl chloride .. :into the 18o0 entrance, 
as seen in figure 15, was veey similar to that of high density poly-
ethylene and polypropylene. ~e secondary flow height remained con-
stant at 0.1 inch, above the capillary entrance, over the entire 
range of shear rates studied, 74 to 316 sec-1 • The anticipation of 
-1 the outside marker to the capilla.ey was O. 3 inch at 75 sec , in-
creased at the intermediate shear rates and returned to 0.3 inch 
6 -1 at 31 sec . '!he plot of the secondary flow height and the length 
of the outside marker anticipation above the entrance for 180° and 
the other conical entrances is .shown in figure 29. The anticipation 
height of the outside marker in the 135° entrance increased from 
0.2 inch to 0. 33 inch above the top of the entrance whi-le the 
s~conda.ry flow height converged on the anticipation height, going 
from 0.1 to O. 3 inch over the shear rate range studied, 17 to 
6 -1 0 31 sec . When the 90 entrance was studied, the observed 
anticipation height above the top of the cone was 0.2 inches at 
68 sec-l and remained constant through 320 sec-1 ~ Meanwhile, the 
secondary 
0.05 inch 
flow height above the entrance was diminishing from 
1 
-1 at 68 sec- to 0.02 ·inch at 320 sec • 
" 
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'!he 45° entrance angle con#guration typlit:l.ed in figure 30, tor 
a.11 tour polymers indicated the same profile. 'lhere was no observed 
secondary flow region and no anticipation of the marker streams to 
. the top ot the entrance, except for low density polyethylene which 
had a constant anticipation ot the top of the 45'° conical entrance of 
O. 05 inch. '!he markers merely paralleled the slope ot the angle into 
the capillary with no observed melt flow instabilities as the shear 
rates of the four polymers were varied. The glass portion of the 
45° cone replaced the entire secondary flow region seen in the 180° 
entrance of each material. and in the case of high density polyethy-
lene, polypropylene and poly vinyl chloride, a sizeable portion ot 
its main stream flow. This was a significant factor in the deter-
mination of the best angle, through which to approach the capillary, 
for each material studied. / 
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RESIDENCE TIME MEASUREMl!!N*.rS 
Plotting the length of time a particular marker rema:lned in the 
viewing portion of the device yielded a profile of the residence 
time ot the polymer as a :runction of radial distance. !lhe least 
time spent in the device was by the midstream polymer and the long-
est time was recorded trom the polymer flowing nearest the waJl. 
The flatness of the profile provided an indication of how much 
longer the material near the wall was spending in the device than 
the midstream material. If the plot was very tlat, the residence 
time of the polymer near the wall would be much less than if the 
curve tapered off rapidly as the wall was approached. This knowledge 
is vital in the design ~f equipment for processing highly degradable 
material such as the poly vinyl chloride of this study. The 
residence profile can be. predicted by the power law f'unction pro-
viding the polymer behaves in such a manner as to be approximated 
by that function. 
The motion picture films were analyzed I as indicated in the· ex-
perimental procedure section, with each marker being measured for 
radial distance from the wall. 'lhe nimiher of frames required for 
the marker to transit the viewing field of vision represented the 
length of time required for transit of the marker through the 
~ntrance. The grid photographed for each polymer was used ·tor· the 
required measurements. Plots of the residence times of each shear 
rate for the 1809 entr~ce of the low density polyethylene study . 
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• • as. a function ot radial distance are shown in figure 31. Similar 
plots were constructed tor the 135°, 90° and 45° entrances and are 
shown in figures 32 through 34, respectively-. In each plot, the , 
. polymer tlowing nearest the wall remained in the upstream region much 
longer than the mids~ream polymer. As the shear rate was increased, 
the residence time near the wall decreased at a much faster rate 
than the midstream region •. As the conical entrance became shallower 
(i.e., going from the 180° to the 45° entrance), the residence time 
radial profile through the upstream and entrance regions remained 
the same because the residence time is a function of the volume 
throughput rate, not the entrance configuration of the device. 
The residence time vs. radi.&1 distance pro.tiles tor each ot 
the four entrances, for high density polyethylene are presented in 
figures 35 through 38. The profiles are slightly f'latter at corres-
ponding· shear rates , than the profiles of low density polyethylene, 
however, once again, the variation of the entrance configuration did 
not alter the high density pe>lyethylene residence· time radial pro-
files, .As shown in figures 39 through 42, the residence time vs. 
radial distartce profiles for polypropylene fall between high· and . 
low density polyethylene. The profiles for each of the four conic·aJ. 
entrances are, as seen in the other two materials, very similar 
in contour and residence time values. 
Residence time vs. radial distance plots for poly vinyl 
chloride as shown in figures 43 thr~ugh 46, illustrate the same 
.. 
type of profile as each of the . other polymers. [he residence time · · .·· 
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in the upstream and entrance ~gions was not s.1snificant]y attected 
by the 135° or 90° conical entrances, but the profile in the 45° en-
trance indicates that less time was required for the midstream I 
polymer to flow through.. 'lhe residence time plot nearest the wall, 
however, was approximately the same as the other angular entrance 
measurements. 
The residence time protiles for each polymer flowing into the 
135° entrance at shear rates of 168 to 187 sec -l are shown in 
figure 47. The volumetric flow rate, Q, for each polymer was: 
low density polyethylene - 0.1992 in3/sec 
high density polyethylene - 0.186 1n3/sec 
polypropylene 
- 0.190 in3/sec 
poly vinyl chloride 
- 0.129 in3/sec 
This indicated that poly vinyl chloride should exhibit the longest 
.residence time, high density polyethylene second, polypropylene 
. . 
t~ird and low density polyethylene should have the shortest residence. 
'lhis is seen to be the ranking of the residence time profiles of 
the four polymers in figure 47. The range of shear rates of the 
four polymers in figure 47 is relatively large and a narrower range 
was plotted in figure 48 to check the results. In this figure, the 
shear rates for low and high density polyethylene and poly vinyl 
6 -1 chloride were from 1 to 20 sec • '!he volimetric flow rates were: 
low density polyethylene 
high density polyethylene 
poly vinyl chloride 
- 0.0177 in3/sec 
. 3 
- 0.023 in /sec 
- 0 •. 013 in3/se,.~ 
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'!he ranking trom longest to shortest residence time should be poly 
vinyl chloride, low density polyethylene and high density polyethy-
lene, which is in tact the ranking ot the profiles in figure 48. 
The upstream residence profiles for each ot the four materials 
was plotted tor the 180° entrance and compared with the theoretical 
profile, calculated from the power law function f discussed in the 
introduction section. These plots tor each material are shown in 
figur.es 49 through 52. The low density polyethylene residence pro-
• 
tile follows the general shape of the theoretical curve with the 
closest fit occurring at the higher shear :rates. '!he experimentally 
determined curves indicate that low density polyethylene remains in 
the upstream region tor a longer period of time than is predicted 
by the power law f\mction. High density polyethylene in figure 50 
shows excellent agreement with the theoretical power law solution 
at all shear rates studied. However, at the hi_ghest shear rates 
-1 of . 223 and 539 sec , the material near the wall has a shorter 
residence time than that predicted by the power law solution. '!he 
power law solution can, therefore, be used to predict the residence 
profi:J.e. of high density polyethylene at low shear rates. Polypropy-
lene, experimental residence time curves indicate that this polymer 
i.s remaining in the upstream region longer than the power law 
predicts, see figure 51. Care must be taken when attempting to use 
' . 
the power law function to predict the polypropylene residence time 
profile since the actual profile is somewhat different from the 
predicted profile. Polyvinyl chloride has a flatter residence time' ·. 
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profile than the power law so1ution, Figure 52, and the residence 
time is significantly less near the wall than the power law prediction. 
If the power law function were used to predict the residence time of' 
polyvinyl chloride, it would provide a safety.margin for this highly 
degradable polymer. This margin arises from the fact that the act,ial 
profile is much flatter (i.e. , has a lower residence time in the 
apparatus) than the power law curve. From the above discussion, high 
density polyethylene provided the best fit of experimental data to 
the power law f'unction curves. I.ow density polyethylene was second, 
agreeing fairly well at the higher shear rates. The polypropylene 
experimental plot was closer than the polyvinyl chloride data, so 
polyvinyl chloride was considered to have the greatest deviations 
from the power law solution. It should be noted that for all four 
polymers, the experimental data was close enough to the theoretical. 
plot that the power law solution may be used to predict at least the 
.:general .. sllape of the residence time profiles at shear rates below 
-1 550 sec • 
As the various polymers approached the capillary, the various 
radial planes of material began to bend toward the sinaller channel, in 
r· 
anticipation of it. As the polymer traveled through this entrance 
region to the capillary, it was accelerated because of the decreasing 
vol11me of flow. This was readily observed as a thinning of the marker 
stream and was very pronounced at high shear rates • The total length 
of the marker travel, from its point of departure from parallel 
flow to the ~pstream channel· wall, to th.~ entrance of the capillary, . 
I 
• 
was measured as well as the time required for its transit. The 
I 
measurement of the length of travel in this entrance region was 
readily accomplished by recording the height of the anticipation point 
.. 
above the capillary entrance and its radial distance from the upstream 
channel wall both at the anticipation point and at the entrance to 
the capillary. Since, as seen in Figure 16, the marker was traveling 
I 
in a single plane , the solution of the hypotenuse to the right 
tri.angl.e, created by the top of the capillary entrance segment 
(eKcluding any conical slopes of the 135°, 90° or 45° angles) and 
an extension of the upstream marking stream to the capillary entrance 
top, provided the length of travel. 
The entrance region residence time profiles were determined by 
counting the n11mber of harnes required for the marker stream to 
transit the entrance region. This n11mber was then divided by 2li 
frames per second, the speed of the camera. The determination of 
this information was extremely difficult in some of the entrance 
angles and at the higher shear rates of the several polymer flows. 
The clarity of the polymer was often poor in the entrance region 
when significant secondary flow regions existed. The added problem 
of the acceleration of the polymer in this region, causing thinning 
of the ma.rker stream, made the exact determination of the n11mber. of 
frames required for transit of the marker almost impessible. The 
best estimate in the worst cases was~ 4 frames at low shear rates 
(or± .3 sec) and± 1 frame.at high shear rates (or± 0.08-sec). 
This error however is contained in the space occupied by ~he -symbols,·-
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On the plots, so no error bars are shown. Otten, at high shear rates, 
the two center marker streams would transit the entrance region in 
the same number of frames , but us1iaJ ly, the leadi~g edge of the center 
marker would be well into the capillary while the adjacent marker was 
just entering the capillary as the last frame was viewed. 
The low density polyethylene entrance residence time profiles are 
..,...,... C 
,,,..,... 
shown in figures 53 through 56 for each of ~· four conical entrances. 
As in the upstream region, the residence time near the wall was much 
longer at low shear rates and decreased much more than the midstream 
marker residence time, as the shear rate increased. In the 180° 
entrance, shown in ~igu.re 53, the residence time in the entrance 
-1 region decreased dramatically between 5 and 25 sec shear rate. 
At higher shear rates, the 
profiles similar in shape. 
decrease was less drastic end the 
Thu~ entrance, shown in figure 54 
indicates a similar trend as was seen in figure 53. i!Ihe entrance 
residence time profiles of the 90° entrance, figure 55, indicate a , 
uniform decrease in residence time as the shear rate is increased. 
It should also be noted, that the residence time in the 90° entrance 
is approximately the same in the midstream but less than the 180° 
or 135° entrance residence time at O .10 inch from the wall at the 
lowest shear rate {3-5 sec -l). The entrance residenc.e time profiles 
in the 45° entrance, figure 56, also show a uniform decrease as the 
· shear rate is increased. In the 180°, 90° and 45° entrances at a 
corresponding shear rate of 56 to 60 · sec -l, the entrance region 
residence time profiles are equivalent!. T.tlus, for low density 
,: • ! ' 
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polyethylene, the, entrance region residence time profiles may be 
considered to be equivalent tor correspondi~g shear rates • 
Figures 57 through 60 show the plots of the entrance residence time · 
"' profiles f'or high density polyethylene. The general shape of the 
I 
profiles are the same as tor low dens,ity polyethylene. The entrance 
region residence time profiles for the four entrances are equivalent 
at similar shear rates. The polypropylene entrance r_egion residence 
time profiles are plotted in figures 61 through 64, exhibiting the 
characteristic profile of' a longer residence time near the waJl. 
At corresponding shear rates <Bf' 65 to 67 sec -l for the various · 
-entrances, the 45° angle exhibits a longer residence time profile 
than the other angles. The 180° and 135° ~gles have equivalent 
profiles and the 90° angle falls between the 180° - 135° profile 
and the 45° profile. As the shear rate increases , the profiles 
become .closer and at the highest shear rate of this study, 421-444 
s.e_c-1 , the ent~a.nce residence time profiles for polypropylene in the 
four entr~ces are equivalent. The entrance residence time profiles 
for polyvinyl chloride are shown in figures 65 through 68 and their 
profiles for each angle are equivalent at similar shear rates. 
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UPSTREAM VELOCITY PROFI~S 
The upstream velocity of each stream of marker. material was 
determined by dividing the length of the upstream r~gi.on (i.e., from 
the top of the viewing slit to the point where the marker bent toward 
the capillary in anticipation of its entrance), by the length of time 
the stream took to transit that r~gj.on. The times and distances were 
determined from the motion picture films. The velocity profile is .. 
useful because it is a measure of the rate of flow of the polymer 
past a gj. ven point and not a function of the length of the channel. 
Figures 69 - 72 show the radial velocity profiles in the upstream 
region of the four entrances for low density polyethylene. The 
highest velocity is at the midstream tapering off toward zero at 
the wall. At the lowest capillary wall shear rate for each of the 
entrance angles, the profile is extremely flat across the radius of 
the· upstream channel. As the shear rate increases , the profile 
becomes progressively more parabolic, tapering off very repidly near 
the wa.11, at the highest shear rates. In figure 73, the velocity 
profiles for a narrow range of shear rates is plotted as a function 
of radial distance for each entrance angle. The 180° profile is 
4 -1 much steeper in slope, at the higher shear rate of 7-60 sec . , than 
the other entrances. The 135° and 90° profiles are approximately 
parallel, the differences being due to the increased shear rate of 
-1 1 the 90° entrance; 60 sec as compared to 47 sec- for the 135° 
entrance. The 45° ~gle profile exhibits a much shallower slo~e·. 
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indicati~g that the shallow angle is attecti~g the upstream tlow. 
The power law velocity profile, equation (6) 9 was plotted in 
• 
figures 69 through 72 so that a comparison of the experimental data 
points and the theoretical calculated curves could be made. The 
midstream velocity, V , was ass11med to be equal to the centerline 0 
marker stream velocity ot each experimental trial. For low density 
polyethylene, the low shear rates for all four angles show excellent 
agreement with the power law velocity solution. At higher shear 
• 
rates, the midradius velocity data points deviate below the theoretical 
curve, but the end points remain in good agreement. 
The velocity profiles of' the upstream region of' each of' the conical 
entrances for high density polyethylene, as shown in figures 74 
through 77, are the same general shape as those for low density 
polyethylene. 'rhe profiles are flatter and indicate higher veloci-
ties nearer ~he waJ 1; refer to figure 86 for the upstream velocity 
profiles of each polymer flowing into the 135° entrance angle. As 
with low density polyethylene, the experimental data points for h_igh 
density polyethylene show good agreement with the power law theoreti-
cal curves at the midstream and near the wall at all shear rates Q 
studied. Significant deviations from the theoretical curves are 
noted also in the mid.radius, experimentally measured velocities, at 
the highest shear rates (above 200 sec-1 ). Good _agreement over the 
-1 entire curve is seen at shear rates below 200 sec • 
Polypropylene upstream velocity profiles, as sbown in· figures 78 · 
through 81, in general follow the shape of' the· t.:P,eoretical curve 
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but in every instance are lower in value. The profile ~s flatter 
than both the low or high density polyethylenes and its mi~adius 
'••~ 
velocity is lower in value. Polyvinyl chloride has the flattest 
? velocity profile of the four polymers studied, see figures 82 
through 85. However, because of its low value of flow index 
(n = 0 .196) , the theoretical curve from the solution to the power 
law function is also very f'la.t. The marker nearest the wall , in 
each entrance and at every shear rate studied has a higher velocity 
than the theoretical value. 
The upstream velocity profiles for each polymer flowi~g into 
the 135° entrance a.t shear rates of 168 to 187 eec-l were constructed 
and shown in f_igure 86. '!he theoretical curves for each material 
were also constructed from the power law function solutions and · 
shown on the plot • Polypropylene and low density polyethylene, at 
the plotted shear rate exhibit the best _agreement between the 
experimental data points and the th·eoretical curve. Polyvinyl 
chloride exhibits the worst fit, its experimentaJ. data plotting a 
much flatter profile than the theoretical. Since the r~ge of shear 
rates over w}l\ch this figure was constructed is· relatively large, 
direct comparison of all four materials could not be made. F_igure 87 
was constructed for low and high density polyethylene and polyvinyl 
6 -1 chloride at 1 -20 sec shear rate. The dotted curve is a theoreti-
cal plot of the upstream velocity profile of polypropylene at 18· sec ..;.l 
sh~a.r rate into the 135° . entrance·. . The curve was constructed by 
~s11mjng direct proportionalities bet;ween the curves of h_igh density . . 
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polyethylene and polyvinyl chloride in ~gures 86 and 87, which in 
figure 86 are very similar in shear rate (168 and 170 sec -l respec-
tively) • The same proportionality was assiimed to exist between low 
density polyethylene and polypropylene, whose shear rates in ~gure 86 
are 182 and 187 sec -l respectively. From figure 87 then, ~lyvinyl 
chloride was concluded to have the flattest velocity profile and low 
and high density polyethylene to have the most parabolic (both being 
' . 
approximately equal in shape ) • 
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PRESSURE PROFILES 
• 
The polymer manufacturer must consider a wide variety of aspects 
when attempting to optimize his process. The residence time of the 
polymer in the various regions of the device is probably most impor-
tant and an appreciation of the velocity profile is also s.ignificant. 
Of no less concern, however, is the lmowle_dge of how the axial pres-
sure is varying within his device. In addition, the axial pressure 
profile may be used to predict the elasticity variation of several 
polymers to provide an insight into the expected behavior of the 
polymer inside the processing device. 
The a.xi al pressure data was obtained from the device described 
in the apparatus description section and reduced to psi readings 
p from the plot produced when the transducers were calibrated. From 
the axial pressure measurements, plots were constructed, for each 
polymer, of the a:rlal. pressure profiles of each entrance at the 
various capillary wall shear rates of the study. The plots of the. ·· 
' 
axial pressure profiles for low density polyethylene are contained 
in figures 88 through 91. Each entrance shows the same_ general 
shape curve, with the 180° entrance showing the largest axial pres-
sure drop of 50 psi and the 90° and 45° entrances indicati;ng no 
axial pressure drop in the upstream rEgion. The axial pressure then 
goes through a drastic decrease in the capillary reducing toward 
atmospheric pressure at the exit. Since only one pressure tap was 
contained in the capillary, a str~ght line was plotted thro:ugh 
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that point and the data point trom the pressure tap in the upstream 
region that was loc~ted nearest the capillary entrance. In the 180°, 
135° and 45° entrances,·. projection of this line brought it to atmo-
spheric pressure at a position shorter than the capillary exit. 
This in reality is impossible since atmospheric pressure would not 
be reached until the polymer exited the capillary. However , the 
plots are felt to provide at least the general shape and magnitude 
of the axial pressure inside the viewing apparatus. In the 90° 
entrance, the extension of the line through the mid-capillary 
pressure data point to the exit of the capillary provides a positive 
exit pressure. Figures 92 ~and 93 are plots of the axial pressure 
profiles for low density polyethylene at 
-1 4 6 -1 rates , 3 to .5 sec and 7· to O sec . 
two narrow ranges of shear 
These two plots indicate 
that the ·135° entrance has the least upstream pressure and 180° 
the greatest. However, it shotil:d b.e noted that in both plots , t:P,e 
135° entrance is at the lowest of the shear rates. Consideri~g this 
variable, the 135°, 90° and 45° entrances may be concluded to be q 
approximately equal in their upstream axial pressure profiles while 
the 180° entrance is h.igher in both instances. 
·The axial pressure profiles for high density polyethylene are 
shown in f;i.gures 94 thro.ugh 97. The· shape of the profiles are the 
same as those for low density polyethylene with a small pressure 
drop in the upstream region ancl a l~ge drop throu·gb the capillary 
toward atmospheric pressure at the exit. 
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The 180° and 45° entrances have capillary pressure slopes which 
' yield negative exit pres'sures and the 135° and 90° entrances have 
capillary pressure slopes which yield positive exit pressures. Plots 
-1 were made of two narrow shear rate ranges, 111-119 sec and 217-223 
sec -l respectively and are shown in figures 98 and 99. As with low 
density polyethylene, both plots show very little differences in the 
. . 
upstream pressure profiles of the 135°, 90° and 45° entrances. The . 
180° entrance is in both plots 40 to 60 psi higher. In the capillary, 
however, the pressure drop is s.ignificantly affected by the entrance 
angle, which differs from the low density polyethylene profiles. 
The polypropylene axial pressure profiles are shown in figures 
r 
100 through 103 and indicate the same basic profile as the pre-
viously discussed polymers. The 180°, 135° and 45° entrances have 
capillary pressure slopes which yield n~gative exit pressures and 
again the 90° entrance has a positive exit pressure. Three plots 
were constructed o·f the four entrances with similar shear rates 
6 6 -1 -1, 4 6 . -1 of 5- 7 s~c , 132-137 sec and 2 9..,.25 sec and,are shown in 
~gures 104, 105 and 106. Each plot shows very little difference in 
the upstream axial. pressure profile and only the 90° capillary 
pressure data points are ditrferent from the other angles' values. 
Polyvinyl chloride axial pressure profiles for each of the four 
entrances are shown -in figures 107 through 110. The profiles are 
the sarne as noted above with the 180°, 135° and 45° entrances 
showi;ng negative capillary exit pressures and the 90° entrance angle.: 
having a positive exit pressure~ F.igures lll, 112 and 113·show 
comparisons of the axial pressure plots of the four entrances $t · 
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- 6 6 -1 . 8'· -1 6 I. -1 similar shear rates ot 10 -12 · sec , 170-1 &1- sec and 31 -3&1-2 sec 
respectively. The profiles may be considered to be equal except 
tor the axial pressure data point in the capillary of the 90° 
entrance angle configuration, which as noted above has a different 
slope. 
The 135° entrance configuration was selected to compare the 
a:x:i al pressure profiles of the various polymers since there were 
similar shear rates used in the experimental study of this entrance 
an'gie. The axial pressure profile for 168-187 ~ec -l shear rate is 
shown in figure 114 and indicates that low and high density poly-
ethylene and polyvinyl chloride have very similar axial pressure 
·profiles. Polypropylene has a much lower axial pressure profile , 
significantly influenced by its lower viscosity at the temperature 
of the experimental investigation. Figure 115 is a plot of the four 
materials at 16-20· sec-l with polYJ>ropylene being estimated by direct 
proportioning similar to the procedure used in the residence time 
and velocity profile discussions. Here, the closeness of the low 
and high density polyethylene and polyvinyl chloride curves is quite 
evident. It was concluded, therefore that low and high_ density 
polyethylene and polyvinyl chloride have '·the _ same axial pressure 
profiles for a given entrance· and that the polypropylene p~ofile is 
-• 
similar in shape, but lower in value. 
An attempt was macle to determine the relative elasticity of 
each·of the polymers, in comparison with the other materials of-this 
study. _ The -- ·entrance pressure drop of the polymer i~ 
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an elastic property and when compared with the capillary wall shear 
rate provides a plot of the change in the elasticity with shear rate. 
When this is done for several entrances or several different polymers, 
a ranking of th~ most elastic to the least elastic can be determined -
the higher the curve, the more elastic the flowing pol.ymer. From 
(16 18) (2 3) the studies of Han - · and B.agley, ' the exit pressure from 
the capillary is always positive and corrected prior to determination 
of the entrance pressure drop. However, in this study, only one 
pressure tap was located in the capillary, see figure 4. It was 
ass11med that the pressure drop in the capillacy was linear and for 
the elasticity determination, the slope was adjusted to pass through 
zero if a n_egative exit pressure was present from the initial axial 
pressure plot. It was recognized that this procedure produced an 
error in the calculations , but there was no means to determine the 
• 
actual. exit pressure (without complete redesign and additione.l 
experimentation). This was not done in this· study since only a 
generaJ. comparison of the elasticities of the various materials was 
desired. Tlre adjusted slope of the capillary pressure drop was 
extended to the entrance of the capillary and the pressure readi~g, 
from the graph, at that point was assumed to be the pressure at the 
exit of the entrance region. aPENT, the pressure drop in the 
enti:an:ce region, was calculated to be the difference between the 
. 
axial pressure data point in the furthest upstream position and the 
entrance exit pressure determined as indicated above. 
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The 90° 8:Ugle exit presi:sure values tor all tour polymers and the 
135° angle exit pressure for high density polyethylene exhibited 
positive deviations from zero, at the capillary exit. Instead of 
altering the slope of these plots with positive exit pressure, the 
exit pressure was subtracted from the pressure reading ( from the 
graph) , at the capillary entrance. This adjusted pressure was then 
subtracted from the furthest upstream axial pressure data point to 
obtain /l PENT. 
The flPENT was then normalized by dividing it by the capillary 
waJ 1 shear stress, T , which was determined from the following w 
equation: 
T : 
w 
4 PCAP 
2(1/R) 
4 P CAP was evaluated as the measured axial pressure data point in the , 
capillary in aJ.l instances where the ex:i. t pressure was negative on 
the original plots. In the cases where ·the exit pressure was 
positive, the exit pressure was subtracted from the capillary axial 
pressure data point and used as 4 P cAP· In all calculations, the 
le~gth, L, was taken as the distance the capillary axial pressure 
tap was located from the capillary exit. Plots of /l PENT/ T w vs Y w 
are presented in figures 116 through 121. F.igure · 116 shows the 
elasticity relationship of low density polyethylene as it flows 
through the various entrance angles • At low shear rate·s , the · 180° 
. 
•' 
entrance· has h.igher elasticity, but as the shear rate is increased,· 
the 18o0 , 135° and 45° entrances conve.rge to the same elasticity •. 
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The 90° entrance shows the least elasticity ot the four entrances, 
over the range of shear rates studied. ~gh density polyethylene, 
shown in figure 117, indicates that the 180° and 45° entrances have 
similar elasticity values with a decrease in the elasticity of the· 
I 
45° entrance over the mid-range shear rates • The 135° and 90° 
elasticities are less with the 135° entrance havi~g the_ h_igher 
elasticity of the two at low shear rates. High density polyethylene 
becomes more elastic in the 90° entrance than the 135° entrance angle, 
at high shear rates. 
~v 
The elasticity of polypropylene in the various entrances is 
shown in figure 118 and indicates that at low shear rates, the 45·0 
entrance has. the highest elasticity with. 180° next, 135° third and 
90° the least elasticity. At the highest shear rates studied, the 
180° and 1·35° entrance elasticity values converged to the 45° 
value and the 90° entrance, while still bei~g lower, also began to 
conve!ge on the other three entrances. Polyvinyl chloride elastici-
ties shown in figure 119 exhibit the opposite trend from the other 
materials . As the shear rate is increased, the other JJ1S,terials 
tend to converge in their elasticities, while polyvinyl chloride 
diverges. At the low shear rates, the 180°, 135° and 45° entrances 
are very close in their elasticities but at the h~ghest shear rates, 
the 180° entrance becomes the most elastic, the 45° entrance second 
and the 135° entrance third. As with. the other materials, the 90°. 
entrance shows a s~gnificantly lowe~, much l.ess elastic curve • 
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The 180° entrance polymer elasticities are shown in figure 120 
and indicate that all four materials, at the temperatures of the 
experimental trials, exhibited similar elasticities. Polyvinyl · 
chloride has the highest elasticity over the midrange shear rates 
with high density polyethylene second, low density polyethylene and 
polypropylene the least elastic. However, in the low r~ge and high 
range shear rates changes in ranking appear, but because of the lack 
of extension of the shear rates of all the materials to both the 
lowest and highest shear rates at which some of them were studied, 
· no definite ranking can be made. In order to help clarify' this 
,:problem, the elasticities of materials into the 135° ~ntrance ~gle 
are shown in figure 121. Here, polyvinyl chloride is shown to be the 
most elastic, low density polyethylene second, polypropylene third 
and high density polyethylene ·fourth. This agrees with the ranki~g 
\. 
of the elasticities of the latter three materials, at lower tempera-
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CONCLUSIONS .... 
The visualization studi.es ot low and high density polyetby"lene, 
• polypropylene and poly vinyl chloride, fiowing into converging 
conical entrances to a capillary, provided intormation for the 
determination of the residence time and velocity profiles of each 
of these polymers. Obtaining tl;l.e axial pressure profiles of each 
polymer provided a more complete characterization of each material, 
as a function ot both entrance angle and throughput. 
I. The flow profiles ot low and high density polyethylene and 
polypropylene have been noted by several 
th (1-11, 13-15, 17, 18, 21-23, 25) au ors. The results obtained in 
this study agreed with these previously noted flow profile descrip-
tions, see figures 12, 13, 14 and 15 of this report. 
II. A significant difference was observed between the li~ight 
above the entrance that ~econdary flow as noted and the distance in 
which the outermost marker anticipated the capillary. Most 
significant was the noted divergence of these two heights as the 
volume throughput was increased, see figures 24, 27, 28 and 29. 
III. Based on the observed differences between the secondary 
flow height and the anticipation h.eight o:f the mark~ nearest the 
! 
wall, and the observation that, l.lllder steady flow conditions, above 
melt fracture, the secondary flow region does not participate in 
the make-up of the extrudate distortion, a statement of a proposed 
mechanism of melt fracture was made. 
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A. During melt tlow instability' - a transition condition -
the secondary tlow region is reducing its volume and 
alternately, around the capillary entrance circumference, 
jets its contents into the mainstream flow at the 
capillary entrance. This phenomina has been observed 
(2-6 8 9 25) by several researchers. ' ' ' If' allowed to 
reach steady state flow, the flow instability condition 
disappears, and if the flow is below the onset of melt 
fracture, a smooth filament results. 
B. Melt fracture is a steady state condition which exists 
when the slower velocity polymer near the waJ 1 builds 
... 
up until, locally, at the capillary en trance it :forces 
• the higher velocity, mid-stream polymer to yield, 
allowing the near the wall material to flow into the 
capillary. Once again this process proceeds around the 
circiunference of the capillary entrance; as evidenced 
by the marker rotation in the capillary, see figures 18, 
19, 21 and 22. 
IV. By providing a single plane of marking material, and view-
ing along this plane, it was shown that melt fracture in low density 
polyethylene produces rotation of the polymer in the capillary, but 
that this condition was not transmitted into the region upstream of 
the capillary entrance. However, when viewing normal to this mark-
ing plane, oscillations of, and at high enough capillary wall shear 
rates, even discontinuities in the marker iDDD.ediatel.y above the 
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capillary entrance, were observed. 
21 and 22 ot this report. 
' 
See figures 16, 17 1 18, 19, 20., . 
V. The apparatus developed to view the various polymer tlOW' 
characteristics provided accurate determination of residence ttmes. 
velocity and pressure profiles. '!he photographed grid, refer to 
figure 6, within the apparatus provided accurate measurements ot 
the radial distance and longitudinal lengths that the markers 
traversed. The marker flow was two dimensional in the upstream 
section and accurate evaluation was therefore possible since the 
exact location of the marker at all positions in the upstream region·. 
was known. 
A. The design was adaptable to a continuous extrusion 
device so that steady state flow conditions could be 
viewed. 'lhis apparatus is readily adaptable tor use 
in more detailed studies of: 
1. The exact capillary wall shear rates for the onset 
of melt fracture as a function of entr~ce angle. 
:2. Photographic studies of capillary flows both below 
and above melt fracture. 
3. Complete doc'UID,entation of the flow profiles, resi-
dence times and velocity and pressure profiles of 
the varioUS~lymers used in extrusion and molding 
processes - in the entrance configurations which 
the polymer will flow in the manufacturing process. 
· · B. · The apparatus can readily be equipped with entrance 
• .I 
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configurations · ot various manufacturing processes and 
i:t properly shielded or modified, be placed on the 
production :machine and the flow profiles ot act,l&l 
production conditions observed. 
VI. The polymer processor must not only consider the volume ot 
the secondary :flow region, but the effects of the lower velocity, 
near the wall material on the midstream flow. He must provide an 
ent;rance configuration that causes the polymer to converg~ toward 
the capillary without allowing the polymer to form its natural flow 
pattem into the capillary. Thus , over the range o·f shear rates of 
his process , the anticipation height, of the material flowing near-
est the waJJ, to the entrance should rema:in constant. Ot the four 
conical entrances in this study, the angle which resulted in a 
constant anticipation height over the range of shear rates observed 
are as follows : 
A. Low density polyethylene - 45° 
B. High density polyethylene - 90° 
C. Polypropylene - 90° 
D. Poly vinyl chloride - 90° 
VII. The upstream velocity profiles of' all four polymers agreed 
in general shape with the plot of the solution to the power law 
function at low capillary waJ J shear rates. As the shear rate 
increased, the curves became flatter than the theoretical, showing 
lower velocities in the midradius positions and higher velocities 
near the wall ( than corresponding solutions to the power law 
· 66 
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VIII. The pressure profiles ot the low and ~gb. density" poly-
ethylene and poly vinyl chloride were equivalent in the 135° 
. 
. ~ 
entrance, while polypropy~ene vas significantly lower in value. 
In determining why these three materials should ha~ the same 
pressure profiles, low density polyethylene· vas the polymer to 
which the other three were compared, since its viscosity and 
elasticity were both second in ranking when comparisons of these 
. , 
two parameters were made. Poly vinyl chloride had a lower viscosity 
but a higher ela.stici ty than low density polyethylene , while high 
densi.ty polyethylene had a higher viscosity and a lower elasticity. 
These balanced out to equivalent pressure profiles. Polypropylene 
exhibited the lowest viscosity and ranked third, below low density 
polyethylene, in elasticity comparison. 
profile was measured. 
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TABLE I 
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POLYMER MANUFACTURER SOLID DENSITY VISCOSITY TEMPERATURE 
N.AME & TYPE LB/:FT3 LBF-SEC/IN °F 
LOW UNION 
DENSITY CARBIDE 0506 
POLYETHYLENE 
HI~B DU PONT· 
DENSITY PE 6715 
POLYETHYLENE 
POLYPROPYLENE HERCULES 
SE 023 
57.1 
59.3 
56.10 
POLYVINYL 
CHLORIDE 
B. F. 79.0 
GOODRICH 456 
--: 
SEE 
FIGURE 7 
SEE 
FIGURE 8 
SEE 
FIGURE 9 
SEE 
FIGURE 10 
480 
480 
478 
330 
POLYMER FI.OW 
INDEX 
n 
0.301 
0.394 
0.335 
0.196 
A. 
B. 
C. 
D. 
E. 
F. 
G. 
Cf lHE VIE.Wit«; PfPAPAlIB 
f'ETAI.. PROTECTl\f SLEE\{ 
TEFL.CW 64S<ET 
G~ lFSTfEA\1 SECTICW 
tLPSS ENTPJW(E CD£ 
FIQJrE 1 
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FLOI OF UM IENSI1Y Rl't'ETHYLBE INfO mfJ 
ENTPJWCE. VARICIB ~CTIOO INQlllE: 
A. lfSTfEPltl JEGim 
B. roINT OF ftM<ER MTICIPATim TO 
CAPIUARf ENTPJNCE 
C. ~CDO\RY R.OI JEGICW 
D. CPPIUARf 
FIGUJE 12 
80 
Fl1W OF HI Gf IfmlTY fU..YETHYLEJ£ 
INTO lroJ ENmmCE 
FIQJIE 13 
81 
'··~tt . . J 
• • ~ 
.. 
Fl()I OF P(lYPRPt'IHE INTO lw:f' ENTPM<I 
FICilE 14 
82 
Fl1M (f P(lYVINYL OILORIII INTO lifP EJflRlfl(E 
FIG.HE 15 
83 
> 
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SYMBOLS USED 
- SHEAR STRESS LBF/IN2 
- CAPILLARY WALL SHE.AR STRESS LBF/IN2 
- SHEAR RATE SEC-l 
- CAPILLARY WALL SHEAR RATE SEC-l 
- VISCOSITY LBF-SEC/IN3 
- POLYMER FLOW INDEX 
- CENTERLINE VELOCITY IN/SEC 
- VELOCITY IN/SEC 
- CHANNEL RADIUS IN 
- RADIUS AS MEASURED FROM CENTERLINE IN 
- VOLUMETRIC FLOW RATE IN3/SEC 
fl PENT - PRESSURE DROP IN ENTRANCE TO CAPILLARY PSI 
llPCAP - PRESSURE DROP IN CAPILLARY PSI 
L 
R - RADIUS IN 
P - PRESSURE PSI 
a - STRESS IN GLASS APPARATUS w 
OD - OUTSIDE DIAMETER 
ID - INSIDE DIAMETER 
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APPENDIX 
The following tables of the various parameters used in the 
evaluation of the various flow profiles of low and high density 
polyethylene, polypropylene and polyvinylchloride were obtained 
from the motion pictures taken of the several flow conditions of 
the study. 'lhe films from this study will be available from the 
Western Electric Company, Inc., New York, until 1984. 
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TABLE I 
LOW DENSITY POLYETHYLENE DATA 
ENT. UPSTREAM REGION ENT. REGION 
V LENGTH TIME 
IN/SEC IN SEC 
Q 
ANGLE IN3 /SEC 
MARKER T,ENGTH TIME 
SEC -l DIST. FM. IN SEC 
WALL -IN 
180° 0.005 5 0.28 0.7 14.7 0.05 o.6 2.7 180° 0.005 5 0.2 0.7 16.4 0 •. .04. .O~~ ,· 7.75 180° 0.005 5 0.1 0.7 19.1. 0."04 0.65 ~.4 180° 0.005 5 0.07 o.68 21.0 0.02 o.68 12~8 
180° 0.028 25 0.3 0.75 3.14 0.24 0.55 o.46 
·180° 0.028 25 0.19 0.7 3.3 0.21 0.62 0.96 180° 0.028 25 0.12 0.75 4.7 0.16 o.6 1.17 180° 0.028 25 0.04 0.75 6. 52 0.12 0.65 3.14 
180° 0.061 56 0.29 0.7 1.04 0.67 o.6 0.21 180° 0.061 56 0.19 0.7 1. 58 o.44 0.62 o. 46 180° 0.061 56 0.12 0.72 2.08 0.35 0.62 1.17 180° 0.061 56 0.04 0.75 4.4 0.17 0.65 2.5 
180° 0.161 147 0.29 o.63 o. 58 1.08 0.67 0.12 180° 0.161 147 0.19 o.63 0.71 0.89 0.67 0.33 180° 0.161 147 0.12 0.63 0.96 o.66 o.68 0.62 180° 0.161 147 0.04 o.63 1.88 0.34 0.7 1.46 
135° 0.004 3 0.3 0.75 23.6 0.03 0.55 6.o 
135° 0.004 3 0.19 0.75 27.6 0.03 0.61 9.6 135° 0.004 3 0.06 0.75 47.9 0.02 0.65 13.4 
135° 0.018 16 0.29 0.7 4.17 0.17 o.6 1.42 0 0.018 16 5.6 0.13 0.61 2.12 135 0.17 0.7 
135° 0.018 16 0.12 0.7 8.8 0.08 0.67 4.21 
135° 0.018 16 0.04 0.7 11.0 0.06 0.69 5.0 
135° 0.050 47 0.29 0.7 1.33 0.52 o.6 0.62 
135° 0.050 47 0.18 0.7 1. 75 o.4 0.62 1.21 
135° 0.050 47 0.11 0.7 2.38 0.3 o.66 1.38 
135° 0.050 47 0.07 0.7 2.5 0.28 0.67 1.42 
135° 0.20 182 0.29 0.65 o.46 1.42 0.65 0.12 
135° 0.20 182 0.18 0.65 0.54 1.2 o.68 0.25 
135° 0.20 182 0.11 0.65 0.74 0.87 0.7 0.33 
135°· 0.20 182 0.06 0.65 1.12 0.58 0.75 0.54 
TABLE I (CONT. ) 
LOW DENSITY POLYETHYLENE DATA 
UPSTREAM REGION ENT. REGION 
ENT. Q MARKER T,ENGTH TIME V LENGTH TIME 
ANGLE IN 3/SEC SEC-l DIST. FM. IN SEC IN/SEC IN SEC 
WALL -IN 
90° 0.004 4 0.31 0.75 18.54 0.04 0.55 3.75 
90° 0.004 4 0.21 0.75 20.83 0.04 o. 56 4.17 
90° 0.004 4 0.12 0.7 30.17 0.02 0.62 5. 79 
90° 0.014 13 0.31 0.7 5.2 0.14 o.6 2.08 
90° 0.014 13 0.19 0.7 5.8 0.12 0.62 2.08· 
90° 0.014 13 0.12 0.7 7.8 0.08 0.67 2.5 
90° 0.014 13 0.04 0.7 10.2 0.07 0.69 4.5 
90° 0.065 60 0.3 0.7 1.17 o.6 o.6 o. 46 
90° 0.065 60 0.19 0.7 1.6 o. 44 0.62 0.62 
90° 0.065 60 0.12 0.7 1.88 0.37 0.67 o.88 
90° 0.065 60 0.04 0.7 3.33 0.21 0.69 1.96 
90° 0.30 275 0.31 0.7 0.29 2.4 o.6 0.08 
90° 0.30 275 0.19 0.7 0.33 2.1 0.62 0.12 
90° 0.30 275 0.12 0.7 o.46 1.53 0.67 0.21 
90° 0.30 275 0.03 0.7 o.83 o. 84 0.7 0~42 
45° 0.065 59 0.27 0.55 1.17 o.47 0.75 0.33 
45° 0.065 59 0.18 0.55 1.29 o.43 0.77 0.5 
45° 0.065 59 0.1 0.55 1.62 0.34 o.8 0.75 
45° 0.13 119 0.27 0.55 o. 58 0.81 o. 75 0.16 
45° 0.13 119 0.17 0.55 0.75 0.73 0.77 0.25 
45° 0.13 119 0.1 0.55 0.92 o.6 0.8 o.42 
45° 0.17 159 0.27 0.55 o.42 1.32 0.75 0.21 
45° 0.17 159 0.17 0.55 0.5 1.1 0.77 0.25 
45° 0.17 159 0.1 0.55 0.58 0.94 o.8 0.33 
45° 0.27 245 0.27 0.55 0.29 1.88 0.75 0.12 
45° 0.27 245 0.17 0.55 0.33 1.65 0.77 0.17 
45° 0.27 245 0.1 0.55 o.46 1.2 o.8 0.25 
195 
TABLE II 
HIGH DENSITY POLYETHYLENE DATA 
UPSTREAM REGION ENT. REGION ENT. Q MARKER I.ENGTH TIME V I,ENGTH TIME ANGLE IN3/SEC SEC-l DIST. FM. IN SEC IN/SEC IN SEC 
WALL -IN 
180° 0.026 24 0.31 0~75 3.96 0.19 0.55 0.71 180° 0.026 24 0.21 0.75 4.04 0.19 0.58 0.63 180° 0.026 24 0.11 0.85 4.96 0.17 o.48 0.38 180° 0.026 24 0.06 1.1 8.58 0.13 0.5 0.09 
180°· 0.123 111 0.31 0.8 o.83 0.96 0.5 0.17 180° 0.123 111 0.18 o.8 0.92 0.87 0.55 0.25 180° 0.123 111 0.1 0.95 1.17 0.81 o.4 0.33 180° 0.123 111 0.03 1.0 3.75 0.27 o.48 1.12 
180° 0.247 223 0.31 o.8 0.38 2.13 0.5 0.08 180° 0.247 223 0.18 o.8 o.46 1.74 0.55 0.21 180° 0.247 223 0.11 0.85 0.58 1.47 0.5 0.25 180° 0.247 223 0.03 0.85 o.88 0.97 0.51 0.5 180° 0.247 223 0.01 0.85 2.17 0.39 0.51 0.67 
180° 0.60 539 0.31 0.7 0.12 5.6 o.6 0.04 180° 0.60 539 0.19 0.7 0.17 4.19 0.62 0.12 180° 0.60 539 0.11 o.8 0.25 3.2 0.55 0.12 180° 0.60 539 0.01 0.9 o.83 1.08 o.46 0.54 
135° 0.023 20 0.29 0.85 4.33 0.2 o.45 0.54 135° 0.023 20 0.18 0.85 4.88 0.17 o.48 0.79 135° 0.023 20 0.1 0.85 6.54 0.13 0.5 0.96 135° 0.023 20 0.04 0.85 11.72 0.06 0.51 2.54 
135° 0.123 111 0.31 0.85 o.83 1.02 o. 45 0.17 135° 0.123 111 0.18 0.85 0.92 0.93 o.48 0.25 135° 0.123 111 0.09 o. 85 1.17 0.73 0.5 0.33 135°' 0.123 111 0.03 0.85 1.96 o.43 0.51 0.96 
135° 0.186 168 0.31 o.8 0.75 1.07 0.5 0.12 
~ i35° 0.186 168 0.19 o.8 o.83 0.96 0.52 0.17 135° 0.186 168 0.11 o.8 1.08 0.74 0.54 0.25 135° 0.186 168 0.03 0.85 1.67 0.51 0.51 0.71 
135° 0.246 222 0.31 0.75 0.38 2.0 0.55 0.06 135° 0.246 222 0.19 0.75 0.5 1.5 0.57 0.12 135° 0.246 222 0.11 0.75 0.58 1.29 o.6 0.21 135° o.246 222 0.03 0.75 1.5 0.5 0.62 1.02 
196 
\ 
' : 
ENT. Q 
ANGLE IN3/SEC 
90° 0.034 
90° 0.034 
90° 0.034 
90° 0 .034 
90° 0.132 
90° 0.132 
90° 0.132 
90° 0.132 
90° 0.248 
90° 0.248 
90° 0.248 
90° 0.248 
90° o.42 
90° o.42 
90° o.42 
90° o.42 
45° 0.06 
45° 0.06 
45° 0.06 
45° 0.06 
45° 0.123 
45° 0.123 
45° 0.123 
45° 0.123 
45° 0.184 
45° 0.184 
45° 0.184 
45° 0.184 
45° 0.24 
45° 0.24 
45° 0.24 
45° 0.24 
TABLE II {CONT. ) 
HIGH DENSITY POLYETHYLENE DATA 
UPSTREAM REGION 
MARKER 
SEC-l DIST. FM. 
31 
31 
31 
31 
119 
119 
119 
119 
223 
223 
223 
223 
381 
381 
381 
381 
55 
55 
55 
55 
111 
111 
111 
111 
166 
166 
166 
166 
218 
218 
218 
218 
WAI,L -IN 
0 .31 
0.19 
0.11 
0.05 
0. 31 
0.19 
0.11 
0.03 
0 .31 
0.19 
0.11 
0.02 
0. 31 
0.2 
0.11 
0.05 
0.3 
0.19 
0.1 
0.07 
o. 31 
0.19 
0.1 
0.05 
0 .31 
0.19 
0.1 
0.03 
0.3 
0.19 
0.11 
0.04 
I,ENGTH 
IN 
0.7 
0.7 
O. 75 
O. 75 
0.7 
0.7 
O. 75 
O .85 
O. 75 
O. 75 
0.8 
O .85 
0.7 
0.7 
O. 75 
O. 75 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
o.6 
197 
TIME 
SEC 
2.54 
2.88 
3.46 
5.88 
0. 71 
O. 79 
1.04 
3.17 
0. 38 
o.42 
0.54 
1.33 
0.21 
0.25 
0.29 
0.67 
1.08 
1.29 
1.5 
2.17 
0.62 
0.67 
o.83 
1.12 
0.38 
o.42 
0.58 
1.12 
0.25 
0.33 
o.46 
0.67 
V 
IN/SEC 
0.28 
0.24 
0.22 
0.13 
0.99 
o.88 
0. 72 
0.27 
2.0 
1.8 
1.48 
o.64 
3.36 
2.8 
2.57 
1.12 
0.56 
o.46 
o.4 
0.28 
0.96 
0.9 
0.72 
0.53 
1.6 
1.44 
1.03 
0.53 
2.4 
1.82 
1.3 
0.9 
ENT. REGION 
LENGTH 
IN 
o.6 
o.6 
0.58 
0.62 
o.6 
o.6 
0.58 
0.62 
0.55 
0.55 
0.53 
0.62 
o.6 
o.6 
O .58 
0.62 
0.7 
0.71 
0.73 
o.83 
0.7 
0. 71 
0.73 
o.83 
0.7 
o. 71 
0.73 
0.83 
0.7 
0.71 
0.73 
o.83 
TIME 
SEC 
0.5 
0.62 
0.96 
2.0 
0.17 
0.21 
0.33 
0.5 
0.12 
0.17 
0.21 
0.75 
0.06 
0.08 
0.12 
0.21 
0.38 
o.42 
0.62 
1.04 
0.21 
0.25 
o.46 
0.62 
0.17 
0.21 
0.29 
0.5 
0.12 
0.19 
0.21 
0.33 
ENT. 3 Q ANGLE IN /SEC 
180° 0.068 
180° 0.068 
180° 0.068 
180° 0.068 
180° 0.14 
180° 0.14 
180° 0.14 
180° 0.14 
180° 0.26 
180° 0.26 
180° 0.26 
180° 0.26 
180° o.44 
180° o.44 
180° o.44 
180° o.44 
135° 0.068 
135° 0.068 
135° 0.068 
135° 0.068 
135° 0.14 
135° 0.14 
135° 0.14 
135° 0.14 
135° 0.19 
135° 0.19 
135° 0.19 
135° 0.19 
135° 0.255 
135° 0.255 
135° 0.255 
135° 0.255 
135° 0.255 
TABLE III 
POLYPROPYLENE DATA 
UPSTREAM REGION 
MARKER T.ENGTH TIME V 
SEC-l DIST. FM. IN SEC IN/SEC 
66 
66 
66 
66 
137 
137 
137 
137. 
256 
256 
256 
256 
432 
432 
432 
432 
65 
65 
65 
65 
136 
136 
136 
136 
187 
187 
187 
187 
249 
249 
249 
249 
249 
WALL -IN 
0.3 
0.2 
0.12 
0.03 
0.29 
0.19 
0.11 
0.04 
0.3 
0.19 
0.12 
0.05 
0.3 
0.19 
0.11 
0 .04 
0.29 
0.19 
0.11 
0.05 
0.29 
0.18 
0.1 
0.03 
0.29 
0.19 
0.11 
0.05 
0.29 
0.19 
0.10 
0.06 
0.03 
0.85 
0.85 
0.9 
0.95 
o.8 
0.82 
0.9 
0.95 
0.8 
0.8 
0.9 
0.95 
o.8 
0.8 
o.8 
0.85 
o.8 
0.8 
0.85 
0.95 
0.85 
0.85 
0.9 
1.0 
o.8 
o.8 
0.85 
.. 0 .9 
o.8 
o.8 
0.85 
0.85 
0.85 
1.62 
1.96 
2.46 
5.12 
0.71 
0.92 
1.25 
2.5 
0.38 
o.46 
0.67 
1.12 
0.21 
0.25 
O. 33 
O. 75 
1.42 
1.75 
2.33 
3.42 
o. 79 
0.92 
1.08 
2.12 
0.58 
0.62 
o.83 
1.38 
0.38 
o.46 
0.71 
1.08 
1.42 
0.52 
o.43 
0.37 
0.18 
1.13 
O .89 
0.72 
0.38 
2.13 
1.74 
1.34 
o.84 
3.85 
3.2 
2.4 
1.13 
0.56 
o.46 
0.36 
0.28 
1.07 
0.93 
o.83 
o.47 
1.37 
1.28 
1.02 
0.65 
2.13 
1.74 
1.2 
0.78 
o.6 
ENT. REGION 
I,ENGTH TIME 
IN SEC 
o.45 
o.46 
o.46 
o.45 
0.5 
o.49 
o.46 
o.45 
0.5 
0.51 
o.46 
o.45 
0.5 
0.51 
0.55 
0.55 
0.5 
0.5 
o.49 
0.5 
o.45 
o.45 
o.44 
o.45 
0.5 
0.5 
o.47 
o.44 
0.5 
0.5 
o.47 
0.5 
0.55 
0.17 
0.25 
o.42 
0.75 
0.12 
0.21 
0.25 
0.71 
0.06 
0.08 
0.12 
0.29 
0.06 
0.08 
0.12 
0.29 
0.29 
0.33 
0.38 
0.62 
0.08 
0.12 
0.21 
0.5 
0.08 
0.12 
0.21 
0.33 
0.06 
0.08 
0.17 
0.25 
0.75 
TABLE III (CONT. ) 
POLYPROPYLENE DATA 
\ 
UPSTREAM REGION 
ENT. 3 Q 
ANGLE IN /SEC 
MARKER lcENGTH TIME 
SEC-l DIST. FM. IN SEC 
V 
IN/SEC 
90° 0.07 
90° 0.07 
90° 0.07 
90° 0.07 
67 
67 
67 
67 
90° 0.136 132 
90° 0.136 132 
90° 0.136 132 
90° 0.136 132 
90° 0.258 252 
90° 0.258 252 
90° 0.258 252 
90° 0.258 252 
90° o.455 444 
90° o.455 444 
90° o.455 444 
90° o.455 444 
45° 0.07 67 
45° 0.07 67 
45° 0.07 67 
45° 0.07 67 
45° 0.136 132 
45° 0.136 132 
45° 0.136 132 
45° 0.136 132 
45° 0.136 132 
45° 0.2 195 
45° 0.2 195 
45° 0.2 195 
45° 0.2 195 
45° 0.255 249 
45° 0.255 249 
45° 0.255 249 
45° 0.255 249 
WALL -IN 
0.29 
0.18 
0.1 
0.03 
0.29 
0.19 
0.1 
0.04 
0.29 
0.19 
0.11 
0.05 
0.29 
0.19 
0.1 
0.03 
0.31 
0.21 
0.12 
0.06 
0.29 
0.2 
0.14 
0.09 
0.06 
0.29 
0.19 
0.12 
0.05 
0.29 
0.19 
0.11 
O .04 
0.75 1.5 0.5 
0.75 1.79 o.42 
o.8 2.42 0.33 
0.85 3.88 0.22 
o.8 0.79 1.01 
o.8 o.88 0.91 
0.85 1.17 0.73 
o.88 2.5 0.35 
o.8 0.33 2.4 
0.82 o.42 1.97 
o.8 0.58 1.38 
0.82 1.04 0.79 
0.85 0.21 4.09 
0.85 0.25 3.4 
o.8 o.33 2.42 
0.85 0.75 1.13 
o.6 1.04 0.58 
o.6 1.25 o.48 
o.6 1.54 0.38 
o.6 3.33 0.18 
o.6 0.54 1.11 
o.6 0.62 0.96 
o.6 o.88 o.68 
o.6 1.42 o.42 
o.6 1.54 0.39 
o.6 0.38 1.6 
o.6 o.46 1.3 
o.6 0.67 0.9 
o.6 1.17 0.51 
o.6 0.29 2.06 
o.6 0.33 1.82 
o.6 0.5 1.2 
o.6 1.0 o.6 
199 
ENT. REGION 
I,ENGTH TIME 
IN SEC 
0.55 
0.58 
0.58 
0.55 
0.5 
0.55 
0.55 
0.55 
0.5 
0.51 
0.5 
0.53 
o.45 
o.45 
0.52 
0.5 
0~7 
0.71 
0.72 
0.75 
0.7 
o. 71 
0.72 
0.75 
0.75 
0.7 
0.71 
0.72 
0.75 
0.7 
0.71 
0.72 
0.75 
0.33 
o.42 
0.58 
1.29 
0.17 
0.21 
0.33 
0.75 
0.12 
0.17 
0.25 
0.38 
0.06 
0.08 
0.12 
0.25 
o.42 
0.5 
0. 71 
1.5 
0.29 
0.38 
0.58 
0.75 
o.83 
0.17 
0.17 
0.29 
0.62 
0.12 
0.17 
0.21 
0.5 
\ 
.. 
i 
" I! 
ENT. 3 Q 
ANGLE IN /SEC 
45° o.43 
45° o.43 
45° o.43 
45° o.43 
45° o.43 
TABLE III (CONT. ) 
POLYPROPYLENE DATA 
UPSTREAM REGION 
MARKER I,ENGTH TIME 
SEC-l DIST. FM. IN SEC 
WALL -IN 
421 0.29 0.6 0.17 
421 0.19 o.6 0.18 
421 0.11 o.6 0.25 
421 0.04 0.6 0.5 
421 0.01 o.6 1.46 
. . 200 
" 
V 
IN/SEC 
3.59 
3.29 
2.4 
1.2 
o.41 
ENT. REGION 
T,ENGTH TIME 
IN SEC 
0.7 0.08 
0.71 0.08 
0.72 0.12 
0.75 0.21 
0.75 0.21 
• ',.' • ,, • ·: .,}. i; ,: .:_·,-~,. 
ENT. 3 Q 
ANGLE IN /SEC 
180° 0.056 
180° 0.056 
180° 0.056 
180° 0.056 
180° 0.088 
180° 0.088 
180° 0.088 
180° 0.088 
180° 0.129 
180° 0.129 
180° 0.129 
180° 0.129 
180° 0.24 
180° 0.24 
180° 0.24 
180° 0.24 
135° 0.013 
135° 0.013 
135° 0.013 
135° 0.013 
135° 0.088 
135° 0.088 
135° 0.088 
135° 0.088 
135° 0.129 
135° 0.129 
135° 0.129 
135° 0.129 
135° 0.129 
135° 0.24 
135° 0.24 
135° 0.24 
135° 0.24 
TABLE IV 
POLYVINYL CHLORIDE DATA 
UPSTREAM REGION 
MARKER 1,ENGTH TIME V 
SEC-l DIST. FM. IN SEC IN/SEC 
74 
74 
74 
74 
117 
117 
117 
117 
171 
171 
171 
171 
316 
316 
316 
316 
17 
17 
17 
17 
117 
117 
117 
117 
170 
170 
170 
170 
170 
316 
316 
316 
316 
WALL -IN 
0.29 
0.18 
0.10 
0.01 
0.31 
0.19 
0.10 
0.02 
0.3 
0.18 
0.1 
0.02 
0.29 
0.18 
0.1 
0.01 
0.31 
0.19 
0.09 
0.01 
0.3 
0.18 
0.11 
0.04 
0.3 
0.19 
0.1 
0.03 
0.01 
0.29 
0.18 
0.09 
0.01 
0.8 2.12 
0.8 2.5 
0.9 3.46 
0.92 6.75 
0.85 1.5 
0.85 1.62 
0.9 1.92 
1.0 3.71 
o.8 1.0 
o.8 1.12 
0.9 1.58 
0.95 2.96 
0.9 0.58 
0.9 0.62 
0.9 o.88 
1.0 1.83 
0. 7 12,. 5 
0.7 13.33 
0.7 14.33 
0.9 24.54 
0.7 1.12 
0.7 1.67 
0.7 2.0 
0.75 3.8 
O. 75 0.96 
0.75 1.12 
o.8 1.42 
0.9 2.04 
0.95 2.92 
0.7 0.54 
0.7 0.62 
o.8 0.83 
0.85 2.25 
201 
'/ 
0.38 
0. 32 
0.26 
0.14 
0.57 
0 .52 
o.47 
0.27 
o.8 
0.7 
0.57 
0. 32 
1.54 
1.44 
1.03 
0.55 
0.056 
0.052 
0.049 
0.037 
0.62 
o.42 
O. 35 
0.2 
0.78 
0.67 
0.56 
O. 39 
0.33 
1.29 
1.12 
0.96 
0.38 
ENT. REGION 
I,ENGTH TIME 
IN SEC 
0.5 
0.52 
0.5 
0.57 
o.45 
o.45 
o.45 
0.52 
0.5 
0.5 
o.45 
0.5 
o.4 
o.4 
0.5 
0.52 
o.6 
0.61 
0.65 
0.55 
o.6 
o.6 
o.64 
o.6 
0.55 
0.55 
o.6 
0.50 
0.55 
o.6 
o.6 
o.6 
o.6 
0.5 
0.62 
0.96 
2.58 
0.25 
o.42 
0.62 
0.92 
0.21 
0.33 
o.42 
1.0 
0.08 
0.12 
0.21 
o.42 
1.83 
3.21 
3.71 
6.83 
o.46 
0.58 
0.79 
1.0 
0.21 
0.29 
o.46 
0.67 
0.67 
0.12 
0.17 
0.29 
o.46 
ENT. 3 Q 
ANGLE IN /SEC 
90° 0.052 
90° 0.052 
90° 0.052 
90° 0.052 
90° 0.052 
90° 0.095 
90° 0.095 
90° 0.095 
90° 0.095 
90° 0.139 
90° 0.139 
90° 0.139 
90° 0.139 
90° 0.24 
90° 0.24 
90° 0.24 
90° 0.24 
45° 0.06 
45° 0.06 
45° 0.06 
45° 0.08 
45° 0.08 
45° 0.08 
45° 0.08 
45° 0.129 
45° 0.129 
45° 0.129 
45° 0.129 
45° 0.259 
45° 0.259 
45° 0.259 
45° 0.259 
TABLE IV ( CONT . ) 
POLYVINYL CHLORIDE DATA 
UPSTREAM REGION 
MARKER l«ENGTH TIME 
SEC-l DIST. FM. IN SEC 
V 
IN/SEC 
68 
68 
68 
68 
68 
126 
126 
126 
126 
184 
184 
184 
184 
320 
320 
320 
320 
78 
78 
78 
106 
106 
106 
106 
170 
170 
170 
170 
342 
342 
342 
342 
WALL -IN 
0.31 
0.19 
0.11 
0.04 
0.01 
0.3 
0.19 
0.1 
0.03 
0.3 
0.19 
0.1 
0.02 
0.3 
0.19 
0.1 
0.02 
0.3 
0.19 
0.1 
0.3 
0.19 
0.1 
0.01 
0.3 
0.19 
0.10 
0.03 
0.3 
0.19 
0.1 
0.07 
0.8 2.58 0 .31 
0.8 2.79 0.29 
o.83 3.0 0.28 
o.83 4.17 0.19 
0.85 6.58 0.12 
o.8 1.12 0.71 
o.8 1.17 o.68 
o.8 1.83 o.44 
0.8 3.21 0.25 
0.7 0.79 o.88 
0.7 0.96 0.73 
o.8 1.25 o.64 
o.8 2.67 0.3 
o.8 0.5 1.6 
o.8 0.54 1.48 
o.B o. 79 1.01 
o.8 1.75 o.46 
o.6 1.83 0.33 
o.6 2.0 0.3 
o.6 2.25 0.27 
o.6 1.17 0.51 
o.6 1.38 o.44 
o.6 1.75 0.34 
o.6 3.17 0.19 
o.6 0.79 0.76 
o.6 0.92 0.65 
o.6 1.25 o.48 
o.6 2.21 0.27 
o.6 0.38 1.6 
o.6 o.42 1.44 
o.6 0.5 1.2 
o.6 0~71 o.84 
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ENT. REGION-
I.ENGTH TIME 
IN SEC 
0.5 
6.52 
0.58 
o.6 
o.6 
0.5 
0.5 
0.59 
o.6 
o.6 
o.6 
0.59 
o.6 
0.5 
0.5 
0.59 
o.6 
0.7 
0. 71 
0.75 
0.7 
0.71 
0.75 
o.8 
0.7 
0.71 
0.75 
o.8 
0.7 
0.71 
o. 75 
o.8 
0.5 
0.62 
0.71 
1.25 
2.67 
0.29 
0.33 
o.46 
1.25 
0.25 
0.29 
o.42 
1.12 
0.12 
0.17 
0.25 
0.67 
0.5 
0.67 
O. 75 
0 .5 . 
0.58 
0. 79 
1.92 
0.21 
0.29 
0.5 
1.08 
0.12 
0.17 
0.25 
0.33 
VITA 
Carl was born the third son of Mr. and Mrs. Walter S. Garrett, 
October 27, 1942, on a sma.J 1 farm in central Illinois. He also has 
a younger brother and sister. At the age of 10 months, Carl moved 
to Terre Haute, Indiana where he grew up, attending the public 
schools. In 1960 he graduated from Gerstmeyer Technical High School 
as valedictorian of his class. In July of the same year, he ,. 
accepted an appointment to the United States Naval Academy and 
graduated with a Bachelor of Scierrce degree and an appointment as 
Ensign in the United States Navy in June, 1964. After spending 
4-1/2 years in the U.S. Navy, Carl resigned his commission to pursue 
a career as an engineer with the Western Electric Company in Phoenix, 
Arizona. In March, 1970, he was transferred to the Product Engineering 
Control Center in Atlanta, Georgia, where he was responsible for the 
coordination of the introduction of new products in telephone wire 
and cable manufacture. For his invention of a new manufacturing 
component, Carl was awarded a patent in January, 1974. 
Upon his graduation from the United States Naval Academy, Carl 
married the former Ann Marie Schultz of Annapolis, Maryland, on 
June 3, l964. During the intervening years, 5 children arrived to 
expand the Garrett fa.mi ly, each in a different city and state. 
James arrived in Charleston, South Carolina; Carl, II in Annapolis, 
Maryland; Semra in Philadelphia, Pennsylvania; Sabrina in Phoenix, 
Arizona; and Samatha in Atlanta, Georgia. 
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VITA ('cont 'd) 
Upon graduation, Carl and his famj ly will be returning to the 
Product Engineering Control Center in Atlanta, better prepared to 
continue the coordination and development of new telephone wire and 
cable, products for the :se··ll ·Telephone System. 
·-. 
